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CHAPTER 1. GENERAL INTRODUCTION 
Significance and Rationale 
Living organisms form physical barriers between themselves and their environment. 
These physical barriers have several crucial functions. They not only provide protection from 
deleterious agents in the envirormient but also mediate interactions and communications 
between the environment and the organisms, thereby allowing the organism to sense and 
respond to environmental signals. The chemical compositions of these physical barriers are 
quite diverse, hi many cases, Upids are important components. For example, lipids are widely 
distributed as mammalian waxes, marine waxes, and insect waxes. The outermost barrier of 
the aerial organs of plants is called the cuticle. The chief strucmral component of the plant 
cuticle is a biopolymer called cutin, which is chemically attached to the outside of the epidermal 
cell wall. It consists of a meshwork of cross-esterified polymerized hydroxy-fatty acids. The 
underground parts or healed wound surfaces of plants are protected by another type of lipid-
derived polymeric material called suberin, which is laid down outside the plasma membrane 
and in close contact with the inside of the cell wall. Both cutin and suberin are embedded in or 
associated with a unique complex mixture of lipids, which are called cuticular waxes. 
Cuticular waxes are synthesized by the epidermal cells, the outermost layer of the plant 
(Kolattukudy, 1968; Kolattukudy and Buckner, 1972; Cassagne and Lessire, 1974,1978). The 
structure of plant cuticle is illustrated in Figure 1. 
The plant cuticle and cuticular waxes have important functions in the survival and 
normal growth of plants (Martin and Juniper, 1970; Kolattukudy, 1981). The cuticle is an 
important structural element holding the plant cellular tissues firmly together, preventing losses 
Figure 1: Schematic representation of plant cuticle. 
A: Surface wax. 
B: Cutin embedded in wax. 
C: Region containing cutin, wax, and carbohydrate 
polymers, possibly with very small amounts of protein. 
D: Pectin. 
E: Cell wall of epidermis. 
Taken from PE Kolattukudy, 1980 
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of extracellular components by leaching and can help plants maintain water balances. The wax 
coat has also been implicated in frost resistance, since ice crystals can not directly contact the 
plant membrane when the plant surface is covered with a layer of cuticular waxes (Thomas and 
Barber, 1974; Single and Marcellos, 1974; Harwood, 1980). In addition, the cuticular waxes 
may provide plant protection from the attack of bacterial and fungal pathogens (Kolattukudy, 
1987) and play an important role in plant-insect interactions (Eigenbrode, 1995). The nature of 
the wax layer may determine which insect species will oviposit on plant surfaces (Stork, 1980; 
Edwards, 1982; Eigenbroade and Shelton, 1990). Furthermore, the hydrophobic nature of the 
cuticular waxes greatly affects the deposition and behavior of chemicals such as pesticides, 
growth regulators and foliar nutrients that are sprayed on plant surfaces. Finally, the reflective 
nature of the waxes may protect plants from UV irradiation. 
Despite these diverse and important physiological functions, little is known about the 
biosynthesis of cuticular waxes. Since plant epidermal cells account for less then 10% of the 
total cells of leaves (Jellings and Leech, 1982), it is very difficult to isolate enough epidermal 
tissues to purify the involved enzymes. In order to overcome this technical barrier, a molecular 
genetic approach, "transposon tagging", has been used to clone several of the genes involved 
in this pathway. The glossyS locus which is involved in maize cuticular wax biosynthesis, was 
cloned using this approach. Sequence analyses suggest that the gl8 gene may code for a P-
ketoacyl reductase. Further molecular study of the regulation and expression of this gene and 
the biochemical functional analysis of its gene product will provide insights about the 
mechanism of cuticular wax biosynthesis. 
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Biochemistry of Plant Cuticular Wax Biosynthesis 
Composition 
Cuticular waxes are complex mixtures of very long chain fatty acids (VLCFAs, >CI8), 
and their derivatives such as hydrocarbons, alcohols, aldehydes, ketones, and esters (Tulloch, 
1976; Walton, 1990). The most common chain lengths of the wax fatty acids lie in the C20-
C36 range and the aliphatic chains are mostly saturated (Koluttukudy et al., 1976). Each 
component of the cuticular wax may be present as a homologous series, or a particular chain 
length may predominant. When the major lipid class has a predominant chain length, 
characteristic wax crystals will form on the plant surfaces (Baker, 1980). 
The composition of cuticular waxes differs among plant species and even within 
species. Indeed, they often exhibit organ-, tissue- and developmental stage- specific 
differences in composition. The major components of Arabidopsis cuticular wax from stems 
and siliques are alkanes (44%), ketones (25%), and secondary alcohols (11 %) (Hannoufa et al., 
1993). Alkanes are also a major component of the Brassica, pea {Pisum sativum), spinach 
{Spinacia oleracea), Senecio, and tobacco {Nicotiana tobacum) waxes (Kolattukudy 1968). In 
normal wild-type maize seedlings, the major component is alcohol, which makes up 63% of 
the total wax. The remaining components are 20% aldehyde, 16% esters, and only 1% 
alkanes, plus traces of free acids. Thus, alcohols and aldehydes represent 83% of the total wax. 
In contrast, the waxes of older maize leaves are predominantly composed of 42% wax esters 
(Bianchi and Salamini, 1982; Bianchi et a!., 1989). The composition of the cuticular wax 
determines its crystal structure. There are three different types of cuticular wax crystal 
structures on wild-type barley plants. The waxes on leaf blades and the lower leaf sheaths 
consist of highly lobed plates; large amounts of primary alcohols (predominantly C26) were 
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associated with this structure. The waxes on lemmas, glumes and uppermost leaf sheaths and 
intemodes consist of long thin tubes; P-diketone lipid was associated with this structure. 
Waxes on awns have thin plates, horizontal to the surface; hydrocarbon and ester components 
are related to this structure (Simpson, 1984). 
The universal presence of cudcular wax on plant species suggests their significant roles 
in normal plant growth and development. The tremendous diversity in the cuticular wax 
composition and crystal structure found among and within plant species implies that this 
biosynthetic pathway is complicated, and regulated by organ-specific, tissue-specific and 
developmental signals. 
De Novo Fatty Acid Biosynthesis 
De novo fatty acid synthesis takes place in plastids (Figure 2, Ohirogge et al., 1979; 
Stumpf, 1984; Weaire, 1975). In plants, fatty acid synthesis is initiated by the condensation of 
malonyl-acyl carrier protein (ACP) with acetyl-CoA (reaction 3 in Figure 2, Jaworski, et al., 
1993). Malonyl-ACP is itself derived from acetyl-CoA (reactions 1 and 2 in Figure 2). The 
synthesis of fatty acids is catalyzed by a series of enzymes, collectively referred to as fatty acid 
synthase (FAS) (Ohirogge, et al., 1993), an enzymatic complex known to exist in prokaryotic 
and eukaryodc forms (Wakil et al., 1983; Harwood, 1988). The prokaryotic form (type II) of 
fatty acid synthase is found in plants. This synthase is composed of several dissociable 
proteins, whereas the eukaryotic form (type I) found in animal and yeast is composed of one 
or two large multifunctional, nondissociable proteins. After the condensation between 
malonyl-acyl carrier protein (ACP) and acetyl-CoA, fatty acid synthesis is followed by the 
sequential reduction of 3-ketoacyl-ACP, the dehydration of 3-hydroxyacyl-ACP, and a second 
reduction of trans-enoyl-ACP. Through a similar round of condensation, reduction. 
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Figure 2: De novo fatty acid biosynthesis in plastid. 
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4- ketoacyl-ACP reductase 
5- hydroxyacyl-ACP dehydrase 
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Adapted from JB Ohlrogge et al., 1993 
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dehydration, and a second reduction step, two carbon units are added to the growing fatty acid 
chain. NAD(P)H serves as the reducing co-factor in these reactions. The initial condensation 
between acyl-ACP and malonyl-ACP is catalyzed by P-ketoacyl-ACP synthase (KAS). Plants 
have three forms of KAS (KAS I, KAS n and KAS IE), which differs in substrate specificity. 
KAS m catalyzes the initial condensation between acetyl-CoA and malonyl-ACP, KAS I 
catalyzes the condensation steps involved in the formation of C6-C16 fatty acids, while KAS II 
elongates from palmitoyl (C16:0)-ACP to stearoyl (C18:0)-ACP (for a review, Ohlrogge et al., 
1993). The long chain fatty acyl-ACPs, palmitoyl-ACP and stearoyl-ACP (C16 and C18 
respectively), are further processed by acyl-ACP thioesterase (hydrolases) to generate the final 
products of de novo fatty acids biosynthesis, palmitate and stearate, respectively. 
Very Long Chain Fatty Acid Biosynthesis 
Prior to the molecular cloning of the cuticular wax genes, tremendous research efforts 
have been directed towards the study of the biochemistry of cuticular wax biosynthesis. The 
most commonly used approaches were: monitoring the in vivo incorporation of radioactively 
labeled precursors, inhibitor studies, and the isolation and characterization of enzymes 
associated with the pathway. These investigations have led to the formulation of a general 
scheme for the biosynthesis of the various components of cudcular waxes (Figure 3, 
Kolattukudy and Walton, 1973; Tulloch, 1976; Kollatukudy, 1980). In the plant epidermal 
cell, very long chain fatty acid biosynthesis takes place in the cytosol, and eiongase activity is 
most commonly associated with the endoplasmic reticulum membranes (for a review, see 
Evenson and Post-Beittenmiller, 1995). The precursors for very long chain fatty acid 
biosynthesis are CI6 and CI8. Elongation is thought to take place in a similar manner as does 
the de novo fatty acid biosynthesis. Specifically, the acyl chain is thought to undergo the same 
8 
CYTOSOL 
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Figure 3: Very long chain fatty acid biosynthesis in the cytosol. 
1: stearoyl-ACP thioesterase 
2: palmitoyl-ACP thioesterase 
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The nature of the X group is unlcnown. 
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four basic reactions of condensation, reduction, dehydration and a second reduction. For each 
round of reactions, two carbon units are added to the growing acyl chain. These four activities 
are collectively termed elongases (von Wettstein-Knowles, 1982). Because of their essential 
role in wax biosynthesis, elongases have been one of the most studied steps in this pathway. 
Despite the similarities between de novo and very long chain fatty acid synthesis, several 
distinct differences have been identified. First, VLCFA elongation uses malonyl-CoA rather 
than malonyl-ACP as the two carbon donor (Macey and Stumpf, 1968); second, the VLCFA 
elongases are membrane-associated, not soluble enzymes as are those in the de novo pathway 
(Cassagne and Lessire, 1978; Whitfield et al., 1993); third, in some but not all cases, ATP was 
found to be required in the elongation of VLCFAs (Cassagne and Lessire, 1978; Evenson and 
Post-Beittenmiller, 1995). The final differences between the two pathways is that in most 
cases, long chain acyl-CoA are accepted by the elongases and yield very long chain fatty acids. 
In contrast, in only a few cases, have long chain acyl-ACPs been shown to be elongated 
(Cassagne et al., 1994). Furthermore, studies of fatty acid elongation activity in rapidly 
expanding leek epidermis have shown that preincubation of the microsomes with 
['•*C]stearoyl-CoA plus ATP, results in the loss of radiolabel from the acyl-CoA pool without a 
corresponding loss in elongating activity. The lack of correlation between elongation activity 
and the retention of the label in the acyl-CoA pool suggests that acyl-CoA may not be the 
inmiediate precursor for elongation (Evenson et al., 1995). 
Wax synthesis involves both sequential reactions which generate homologous series 
(Jettier et al., 1996) and parallel reactions which generate different classes of lipids (von 
Wettstein-Knowles, 1982). The evidence that fatty acid elongation was controlled by several 
elongase enzymes in potato were obtained after treatment with various inhibitors (Walker and 
Harwood, 1986). Genetic evidence also supports the presence of various elongation systems 
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in higher plants (Wettstein-Knowles, 1987). Three parallel pathways are postulated to result in 
the synthesis of the various wax components. These include: the decarbonylation; acyl-
elongation and P-ketoacyl elongation pathways (Figure 4). The decarbonylation pathway 
results in the production of aldehydes, odd chain alkanes, secondary alcohols, and ketones. It 
is the major pathway involved in the synthesis of Arabidopsis stem and silique wax. The acyl-
elongation pathway (or acyl-reduction pathway) produce aldehydes, primary alcohols and wax 
esters. It is the major pathway involved in the biogenesis of waxes on maize seedling leaves. 
The P-ketoacyl elongation pathway produces P-diketones and their derivatives. It is the major 
pathway involved in wax synthesis on barley spikes, uppermost leaf sheaths, and intemodes. 
Hence, these parallel pathways are responsible for the vast diversity among cuticular wax 
components (for a review. Dusty Post-Beittenmiller, 1996). 
VLCFAs Synthesis Elongases 
The partial purification of plant elongase complexes has greatly advanced our 
knowledge about the structure of these enzymes, their functions, as well as the organization 
and regulation of the entire pathway. The techniques for solubilization and purification of 
membrane enzymes have been used for the plant acyl-CoA elongases in leaves as well as in 
developing seeds. These studies have been conducted using Allium porrum, Lunaria annua, 
Sinapis alba, Limnanthes alba and Brassica napus (Harwood, 1988). 
Solubilization and Purification of Plant Acyl-CoA Elongases 
An acyl-CoA elongase has been solubilized and partially purified from leek epidermal 
cell microsomes (Bessoule et al., 1989). The microsomal elongase is first solubilized using 
Triton X-100. The solubilized proteins are further purified by DEAE anion exchange 
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of various components of cuticular wax. 
Taken from Dusty Post-Beittenmiller, 1996. 
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chromatography and gel filtration on an ultrogel column. This yields an acyl-CoA elongase 
with a molecular weight of about 300 kDa. This elongase complex can be resolved into three 
major protein bands of 59, 61 and 65 kDa. Proteins precipitated with polyclonal antibodies 
raised against this elongase complex, exhibit elongase activity 86 times higher than that of 
unbound proteins (Bessoule et al., 1992). 
The methods used for solubilization and partial purification of the leek elongases have 
also been applied to the elongases in developing seeds. Solubilized by Triton X-100 or 
octylthioglucoside, the elongases have been partially purified from meadowfoam, Sinapis and 
Lunaria annua (Murphy and Mukheijee, 1989; Fehling et al., 1992; Lardans and Tremolieres, 
1992). The partially purified elongase from meadowfoam microsomes has an apparent 
molecular weight about 300 kDa, very close to that reported for the acyl-CoA elongase in leek 
epidermal microsomes (Lardans and Tremolieres, 1992). 
The results reported from leek and other systems have shown that acyl-CoA elongases 
consist of a multi-enzyme membrane-bound complex. Since drastic conditions are required to 
dissociate the different components of the elongase(s), it is likely that the interactions between 
various proteins within the complex are fairly strong. 
Subcellular Localization of the Elongases 
The subcellular locations of the elongases have been investigated in only a few cases. 
Generally they have been found to be associated with the "microsomes"-complex mixtures of 
vesicles from the endomembrane system including the ER (endoplasmic reticulum), GA 
(Golgi apparatus), PM (plasma membrane), tonoplast and transition vesicles. Further 
subfractionation of the crude microsomal pellet revealed that in leek epidermis (Cassagne and 
Lessire, 1978) and in maize coleoptiles (Lessire et al., 1982), elongation of stearoyl-CoA takes 
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place mainly in an ER-enriched fraction and that almost no elongation activity was associated 
with the PM-enriched fraction. 
It has been shown that the reduction and esterification to fatty acid alcohols of VLCFAs 
take place in the microsomal fraction, but no ftirther characterization has been performed 
(Cassagne, et al., 1994). It has also been hypothesized that at least some of the wax formation 
was associated with the PM (von Wettstein-Knowles, 1982). 
Other Roles for VLCFAs 
Very long chain fatty acids (> C18) are widely distributed in nature. They are not only 
major components of cuticular waxes, but are also found in the seed oils of several plant 
species. In developing seed storage lipids, VLCFAs are mostly monounsaturated and belong 
chiefly to the cis(n-9) series, i.e. oleic acid and higher homologues (Hitchcock and Nichols, 
1971, Harwood, 1980). VLCFAs account for about two thirds of the total fatty acids, 
esterified to glycerol, as erucic acid in rape seed, or esterified to fatty alcohols in jojoba 
(Simmondsia chinensis). Eicosenoic (20:1) and erucic (22:1) acids are the major components 
in the jojoba seed. As very long chain monounsaturated fatty acids are of particular importance 
for the oleochemical industries, extensive research has been conducted on the lipid content of 
seeds (Battey et al., 1989, Murphy 1992). A P-ketoacyl-CoA synthase was biochemically 
purified and cloned recently from jojoba. It catalyzes the condensation of malonyl-CoA with 
long-chain acyi-CoA which is the initial step Involved in the very long chain fatty acid 
biosynthesis (Lassner, et al., 1996). This gene has homology with FAEl gene from 
Arabidopsis, which also codes for a condensing enzyme specifically involved in the elongation 
of long chain fatty acids in seed oil (James et al., 1995). The mutation of the FAEl locus 
results in deficiency in elongation for both C18:1 and C20:1 (Kunst et al., 1992). 
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Very long chain fatty acids account for about 5-10% of the acyl moieties of the plasma 
membrane in higher plants (Cassagne and Lessire, 1978; Lessire et al., 1982). The membrane 
VLCFAs are either saturated or unsaturated, and their chain length ranges from 20 to 28 
carbon atoms. Because the PM is devoid of detected elongase activity, unless the PM contains 
elongases which are specifically inhibited during the purification, it is likely that the VLCFAs 
are first synthesized in the ER and then transferred to the PM. The occurrence of this transfer 
was demonstrated for the first time in etiolated leek seedlings by pulse label chase experiment 
feeding with ['"^C] acetate (Moreau, et al., 1988). As a function of the chase-time, the maximal 
VLCFAs label was observed successively in the ER (5 min), in lipid-rich vesicles (15 min), 
GA (30 min), and PM (60 min). The increase of the labelled VLCFAs in the PM corresponds 
to a decrease in the ER. After a 2-hour chase, the newly synthesized VLCFAs are almost 
entirely transferred to the PM. It is still unknown how VLCFAs are targeted to the PM as 
opposed to be incorporated into the wax layer. 
Genetics of Plant Cuticular Wax Biosynthesis 
Mutants with reduced or altered wax coatings are easily identified by their glossy 
appearance. In many plant species, such as barley, maize, and Arabidopsis, mutant 
phenotypes affecting the major wax classes are fairly easy to identify. Thus, these classes of 
mutants have been used in extensive genetic and biochemical analyses. 
Barley 
Characterization of the glossy or eceriferium (cer) mutants have been conducted in 
barley by von Wettstein-Knowles and coworkers and others. More than 1560 Cer mutants 
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have been identified, which represent 85 different complementation groups (von Wettstein-
Knowles, 1995). The best characterized mutant is Cer-cqu. Genetic analyses indicate that the 
Cer-c, -q, -u complementation groups are tightly linked (approximately 0.0012 cM) (von 
Wettstein-Knowles, 1987), which has been interpretted to mean that the Cer-cqu loci code for 
a multifuntional polypeptide, with each of the complementation groups representing one 
functional domain. Subsequent studies indicated that Cer-c mutations block the synthesis of 
P-diketone derived lipids; Cer-q block the synthesis of P-ketoacyl derived lipids; and Cer-u 
mutations affect a hydroxylase which then fails to convert the |3-diketones to hydroxy-P-
diketones (von Wettstein-Knowles, 1980). Two mutants, Cer-yy and Cer-n are proposed to be 
due to defects in regulatory genes (Lundqvist and von Wettstein-Knowles, 1982; 1983). All of 
the 17 independently isolated Cer-yy mutants are dominant and convert the composition of 
waxes produced by barley spikes into mimics of leaf blade wax. 
Arabidopsis 
Twenty-one different loci are implicated in the formation of epicuticular wax in 
Arabidopsis ( Cerl to CerlO and tt-5). The wax blooms on the stem surface of wild-type 
Arabidopsis plants exist predominantly in two shapes, plates and large tube structures 
(Koomneef et al., 1989). The major components of the cuticular waxes from stems and 
siliques are alkanes (44%), ketones (25%), and secondary alcohols (11%). These compounds 
are derived from fatty acids of 30 carbons and are the products of the decarbonylation pathway 
(McNevin et al., 1993; Hannoufa et al., 1993). While the total amount of cuticular wax from 
leaves is 10 times less than that from stem, the major components are alkanes (58%) and 
primary alcohols (23%). Wild-type Arabidopsis leaves possess longer chain length 
homologous of the major cuticular wax classes than stems. The major leave alkane was the 
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C31 homolog, while the major stem alkane was C29 (Jenks et al., 1995). The Arabidopsis 
mutants with defective cuticular wax accumulation were grouped into four phenotypic classes 
on the basis of their degree of visual glossiness and male fertility under conditions of low 
humidity (Koomneef et al., 1989). 
The CERl, CER2 and CER3 genes have been cloned recently by chromosomal 
walking and T-DNA tagging (Aarts et al., 1995; Xia et al., 1996; Negmk et al., 1996; 
Hannoufa et al., 1996). Sequence analyses indicate that all of them encode novel proteins with 
no defined function in the existing database. 
Maize 
Nineteen loci (the glossy or gl loci) have been identified that affect the quantity or the 
composition of cuticular wax deposited on maize seedling leaves. These genes include: gll, 
gl2, gl3, gl4. gl5, gl6, gl8. gl9, gill, gll4, gll5. gll7, gll8, gll9, gl20. gill, gl22, gl25 and 
gl26 (Schnable et al., 1994). Four of the gl loci are reported to be duplicate gene pairs {gl5 & 
gl20; gl21 & gl22), which means the mutant glossy phenotype only develops in genotypes in 
which both of the genes in the same pair are homozygous mutant. Many of the maize glossy 
genes have been tagged using a variety of transposons. Phenotypic observations of these 
mutant alleles using SEM have revealed that wax production is cell autonomous. Recent 
studies of gll5 have estabUshed that it is not directly involved in cuticular wax biosynthesis. 
Rather, the "glossy" phenotype of gll5 mutant is due to an early transition from the juvenile to 
adult stage of leaf development, resulting in seedling leaves with greatly reduced amounts of 
wax, a characteristic of the adult leaves (Moose and Sisco, 1994). The cloning of the gll5 gene 
indicated that it encodes a transcriptional factor, which has high homology with APETALA2 
from Arabidopsis (Moose and Sisco, 1996). Three other maize genes, gll, gl2 and gl8, have 
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been cloned, all via transposon tagging. The gll gene exhibits structural features similar to a 
superfamily of receptors that has been extensively characterized from animals (Probst et al., 
1992; Nambe, et al., 1993; Dbcon et al., 1986; Troemel et al., 1995). Hence, it has been 
suggested that the gll protein might function in the transport of cuticular wax intermediates or 
end products (Hansen, 1997). The cloning and sequence analysis of the maize gl2 gene 
indicates that it encodes a novel protein. Based on its chemical phenotype, this gene affects the 
last elongation step from C30 to C32 (Tacke et al., 1995). The cloning and further 
characterization of the gl8 gene suggests that it encodes a P-ketoacyl reductase (Xu et al., 
1997a) and that it is one of the components involved in the acyl-elongation complex (Xu et al., 
1997b). These results will be reported and discussed in detail in this thesis. 
Sorghum 
Thirty-three independently segregating chemically induced Sorghum bicolor mutants 
with visibly altered sheath epicuticular waxes (designated bloomless [bm] mutants) have been 
identified. Scanning EM was used to categorize these mutants into 14 unique epicuticular wax 
structural classes (Jenks, et al., 1992). These near-isogenic bm mutants exhibited similar form 
and stature but varied widely in epicuticular wax structure and total wax deposition under 
normal irrigation conditions. 
Transport of Cuticular Wax Components 
The mechanism by which cuticular wax components are transported from the 
epidermal cells to the outer plant surfaces is still not well understood. 
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Recent studies have led to two hypotheses. One hypothesis suggests that the 
components of cuticular waxes pass through well-defined pores from the cell wall to the outer 
surfaces (von Wettstein-Knowles, 1995). However, there is not yet evidence to support the 
involvement of pores. The second hypothesis proposes that the components of cuticular 
waxes diffuse through microscopic spaces in the cell wall and this process may be facilitated 
by lipid transfer proteins (Jeffree et al., 1976). Lipid transfer proteins (LTPs) are a group of 
small, abundant basic proteins which serve as lipid carriers during lipid transfer between 
membranes or between organelles in manmials. LTPs have also been found in plants 
(Yamada, 1992). In barley, LTPs were found to be expressed in the epidermal tissues of a 
variety of organs, including leaves and coleoptiles (Causing, 1994), apical meristems and 
flower buds (Fleming et al., 1992). Immunolocalization studies indicate that LTPs are cell wall 
proteins (Thoma, 1993), and they are also found in the cuticular wax layer (Pyee, 1994). 
Further evidence from both barley and spinach indicate that LTPs are involved in the secretory 
pathway (Bemhard, et al., 1991; Madrid, 1991). Very similarly, the movement of very long 
chain fatty acids through the ER to the Golgi and to their final positions in the PM (Bertho, 
1991) may also be mediated by LTPs. In vitro lipid transfer function of plant LTPs has been 
reported from spinach leaves (Rickers et al., 1985), maize seedlings (Douady et al., 1986), 
barley (Breu et al., 1989), and castor beans (Watanabe and Yamada, 1986). However, the in 
vivo function of LTPs has still not been established. 
Environmental Influence on Plant Cuticular Wax Biosynthesis 
The formation and composition of cuticular wax depends, to some extent, on the 
environmental conditions under which plants are grown (Juniper, 1960; Baker, 1974). The 
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synthesis of cuticular wax is influenced by environmental signals, such as light and 
photoperiod. Light can enhance the accumulation of very long chain fatty acyls in maize wax 
(von Wettstein-Knowles, 1980). Both the morphology and the chemical composition of 
surface wax can be significantly affected by drought (Bengston et al., 1979), chilling (Nordby 
and McDonald, 1991), humidity (Sutter, 1984) and temperature (Giese, 1975; Haas, 1977; 
Gulz and Muller, 1992). 
Maize gl8 Gene 
The maize glossyS mutant was initially identified over sixty years ago by Emerson 
(Emerson, 1935) and mapped to the long arm of chromosome 5. Mutations at the gl8 locus 
reduce the amount of wax on the surface of maize seedlings to about one third that of wild-type 
levels (Bianchi et al., 1979). The aldehyde, alcohol and ester components of the cuticular 
waxes of mutant seedlings accumulate to 17%, 23% and 70% of the wild-type levels, 
respectively. The chain lengths of the alcohol and acids moieties of the wax esters produced by 
gl8 mutant seedlings are reduced relative to wild-type seedlings. This change is from 32 and 
22-26 carbons, respectively, to less than 24 carbons. Similar effects are not observed on the 
free alcohols and aldehydes (Bianchi, et al., 1979). This thesis focuses on the molecular 
cloning of the glS locus by transposon tagging and the initial biochemical analysis of the 
function of the gl8 protein in the maize cuticular wax biosynthesis pathway. 
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Isolation of Genes in the Cuticuiar Wax Synthetic Pathway 
Although great advances have been made in the understanding of the biochemistry of 
cuticuiar wax biosynthesis, many aspects remain virtually unknown. To better understand this 
pathway, it is necessary to clone and characterize the associated genes and gene products. As 
most of the enzymes are membrane-bound multienzyme complexes, this would be a very 
difficult task using traditional biochemical approaches to solublize and purify the enzymes to 
homogeneity. So far, only a few successes have been reported via these means (Lassner, et al., 
1996). More successful have been molecular genetic approaches. For example, mutants of 
Arabidopsis thaliana that have either reduced amounts of VLCFAs or cuticuiar waxes have 
been obtained (Kunst et al., 1992; Koornneef et al., 1989). Due to its small genome size, it is 
possible to isolate genes in Arabidopsis by chromosome walking, as recently shown in the 
cases of the cloning of w3 desaturase (Arondel et al., 1992) and the Cer2 gene (Xia et al., 
1996). In addition, Arabidopsis mutants have been isolated via T-DNA tagging as in the cases 
of the A-12 desaturase (Browse et al., 1993), the Cer2 and Cer3 genes (Aarts et al., 1995; 
Negruk et al., 1996). 
Because of the differences in their cuticuiar wax composition, analyses of maize and 
Arabidopsis will be complementary in understanding cuticuiar wax biosynthesis. Transposon 
tagging is a very successful approach for gene isolation in maize (Walbot, 1992). The basic 
approach involves identification of the insertion of a transposon into the target gene by the 
induction of a mutant phenotype. The inserted transposon sequence is then used as a tag to 
clone the flanking sequences, which presumably contain at least part of the target gene. 
Approximately a dozen transposon systems have been identified in maize (reviewed by 
Peterson, 1988). Three transposable element systems have been well characterized, including 
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the Ac/Ds, Sprrt/En and Mutator systems. However, the Mutator system exhibits a mutation 
rate 50-fold higher than the spontaneous rate and the rate observed in lines carrying other 
transposon systems (Robertson and Mascia, 1981; Robertson, 1983). Most of the new 
Mutator-xnAxxctd mutants arise via the insertion of Mu transposons (Brown et al., 1989). The 
high transposition rate of Mu elements makes the Mutator transposon system an efficient tool 
for gene tagging. Hence, many loci have been tagged and cloned with Mu elements (for 
reviews, Walbot, 1991; Chandler and Hardeman, 1992). Because maize mutants with reduced 
cuticular wax accumulation exhibit a "glossy" phenotype, they are readily scorable at the 
seedling stage. This makes transposon tagging an ideal way to isolate glossy genes. Three 
glossy mutants, gll, gl2 and gl8 (Tacke et al., 1995; Hansen et al., 1997; Xu et al., 1997a) have 
been transposon tagged and cloned. The following sections of the dissertation provide details 
about the tagging, cloning and initial characterization of the gl8 gene and its encoded protein. 
Dissertation Organization 
This dissertation contains a general introduction to the current questions of interest in 
the plant cuticular wax field, together with a review of the literature. The general introduction is 
followed by two research manuscripts, after which there is a general summary and 
conclusions. 
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CHAPTER 2. SEQUENCE ANALYSIS OF THE CLONED glossyS GENE OF ZEA 
MAYS L. SUGGESTS THAT IT MAY CODE FOR A p-KETO ACYL 
REDUCTASE REQUIRED FOR THE BIOSYNTHESIS OF CUTICULAR WAXES 
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ABSTRACT 
The gl8 Icxus of maize was previously defined by a mutation that reduces the amount 
and alters the composition of seedling cuticular waxes. Sixty independently derived gl8 mutant 
alleles have been isolated from stocks that carried the Mutator transposon system. A DNA 
fragment that contains a Mu8 transposon and that co-segregates with one of these alleles, gl8-
Mu3142, was identified and cloned. DNA flanking the Mu8 transposon was shown to 
represent the gl8 locus via allelic cross-referencing experiments. The gl8 probe reveals a 1.4-
kb transcript present in wild-type seedling leaves, and in lesser amounts, in other organs and at 
other developmental stages. The amino acid sequence deduced from an apparently full-length 
gl8 cDNA exhibits highly significant sequence similarity to a group of enzymes from plants, 
eubacteria, and mammals, that catalyze the reduction of ketones. 
This finding suggests that GL8 protein probably functions as a reductase during fatty 
acid elongation in the cuticular wax biosynthetic pathway. 
INTRODUCTION 
Surfaces of the aerial portions of plants are covered with a complex mixture of lipids 
termed cuticular waxes, the majority of which are derivatives of fatty acids (Kolattukudy and 
Walton, 1973; Kolattukudy, et al., 1976; Tulloch, 1976; Kolattukudy, 1980). These waxes 
provide a hydrophobic barrier between a plant and its environment. Despite their biological 
significance, little is known about the biochemical and molecular genetic mechanisms that 
regulate the biogenesis of cuticular waxes. 
The composition of cuticular waxes is species specific. For example, the cuticular 
waxes on wild-type maize seedling leaves are composed of long-chain alcohols (63%), 
aldehydes (20%), alkanes (1%) and esters (16%) formed between the alcohols and very long 
chain fatty acids (VLCFA). The alcohols and aldehydes are predominantly 32 carbons in 
length, i.e., n-dotriacontanol (99% of the alcohols) and dotriacontaldehyde (96% of the 
aldehydes). The alkane fraction is mainly 31 carbons in length, i.e., hentriaconate (Bianchi et 
al., 1985). 
The synthesis of VLCFAs is thought to require the sequential operation of two fatty 
acid biosynthetic systems: de novo fatty acid biosynthesis, which occurs in plastids, and fatty 
acid elongation that occurs on the microsomal membranes (Agrawal et al., 1984; Lessire et al., 
1985a; Lessire et al. 1985b; Lessire et al., 1985c; Agrawal and Stumpf, 1985; Lessire, et al., 
1989). 
In maize, 17 loci (the glossy or gl loci) have been identified that affect the quantity 
and/or the composition of cuticular waxes on the surfaces of seedling leaves (Schnable et al., 
1994). For example, mutations at the gl8 locus reduce the amount of wax on these surfaces to 
about one-third that of wild-type levels (Bianchi et al., 1979 and Fig. 1). Mutant seedlings can 
be readily distinguished from wild-type seedlings, because due to these alterations in the 
cuticular wax load, applied water forms droplets on the leaf surfaces of mutants (Coe and 
Neuffer, 1977; Bianchi 1978; Bianchi et al., 1985); in addition, they present a "glossy" 
appearance. 
Comparisons between the chemical compositions of the waxes produced by seedhngs 
homozygous for each of the various gl mutants and wild-type seedlings have been used to 
putatively identify the biochemical steps encoded by some of the gl genes (Bianchi et al., 1985; 
von Wettstein-Knowles, 1987). However, the chemical phenotype associated with mutations 
at the gl8 locus makes such an assignment difficult. The aldehyde, alcohol and ester 
components of the cuticular waxes of glS seedlings accumulate to 17%, 23% and 70% of wild-
type levels, respectively. Interesdngly, although the chain lengths of the alcohol and acid 
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moeities of the wax esters produced by gl8 mutant seedlings are reduced relative to wild-type 
seedlings (from 32 and 22-26 carbons, respectively, to less than 24 carbons); similar effects 
are not observed on the free alcohols and aldehydes (Bianchi et al., 1979). Hence, although it 
has been hypothesized that the gl8 locus is required for the elongation step in cuticular wax 
biosynthesis (Bianchi et al., 1985; von Wettstein-Knowles, 1987), a clear picture of its specific 
role has not emerged from these studies. A more direct means to determine the function of 
this gene would be to isolate and characterize the GL8 protein. 
Cuticular waxes are thought to be synthesized by the cells of the epidermal tissue which 
account for less than 10% of the cells of the organism. Hence, a purely biochemical approach 
to the isolation and characterization of the enzymes involved in the biosynthesis of cuticular 
waxes has been hampered by the difficulty in isolating epidermal tissues. However, 
transposon tagging provides a means to isolate genes, like those involved in cuticular wax 
biosynthesis, for which the gene product is unknown, but for which mutants can be readily 
isolated. Lines carrying the Mutator transposon system exhibit a mutation rate 50-fold higher 
than the spontaneous rate and the rate observed in lines carrying other transposon systems 
(Robertson and Mascia, 1981; Robertson, 1983). Most of the new Afafaror-induced mutants 
arise via the insertion of Mu transposons (Chandler and Hardeman, 1992). 
This report describes the transposon tagging, isolation and initial characterization of the 
gl8 locus of maize, and the isolation of gl8 orthologs from other plant species such as barley, 
leek and Arabidopsis. These experiments suggest that the role of the GL8 protein in the 
cuticular wax biosynthetic pathway is as a reductase during fatty acid elongation. 
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MATERIALS AND METHODS 
Genetic Stocks 
The origins and maintenance of Mutator transposon stocks, the F1 hybrid Q60, and gl-
re/alleles used in this study have been described previously (Stinard et al., 1993; Schnable et 
al., 1994). 
Isolation of Transposon-Tagged Alleles of theg/^ Locus 
Large numbers of progeny from Cross 1 can readily be generated by the isolation plot 
technique (Peterson, 1978), which involves planting the two parental genotypes in isolation 
from other maize plants, and detasselling (emasculating) the female parent (listed first in Cross 
1). Hence, the only pollen in the isolation plot comes from the male parent and carries the gl8-
re/allele. 
To analyze the gl8-Mu alleles isolated via directed tagging, it was first necessary to 
sequester them from the g 18-ref allele used to uncover them in Cross 1. To facilitate this 
process, the pr marker allele was incorporated into the male (gl8-ref) parent used in Cross 1. 
The recessive pr mutant, which is 1 cM away from gl8, conditions a red kernel phenotype, in 
contrast to the wild-type purple (Pr), making it a readily scorable marker. In glossy progeny 
from Cross 1, the g/5-re/allele could be distinguished from newly induced gl8-Mu alleles 
because the former was in coupling with pr, while the latter were in coupling with Pr. 
Construction and Screening of Recombinant DNA Libraries 
Two cDNA libraries, both of which were prepared from mRNA isolated from 
greenhouse- grown two-week-old maize B73 seedlings, were used. One was prepared using 
the vector AJZAPH (Stratagene), and was a gift from Alice Barkan (University of Oregon, 
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personal communication). Details regarding the construction of the second, prepared by Yiji 
Xia using the pAD-GAL4 vector (Stratagene) will be pubUshed elsewhere. cDNA libraries 
prepared from mRNA isolated from sprouted barley (variety Morex) and peeled leek 
epidermal tissues cloned into the EcoRl site of AZap EI (Stratagene) were gifts from Ron 
Skadsen (USDA, Madison, WI) and Chris Somerville (Carnegie Institute), respectively. 
A maize partial genomic library was constructed using the X vector Charon 33 (Leonen 
and Blatmer, 1983). Following the digestion of vector DNA with the restriction enzyme 
//mdin, the vector arms and stuffer fragments were separated by sucrose gradient 
centrifugation (Sambrook et ai., 1989). Maize HindHI DNA fragments ranging in size from 7 
kb to 9 kb were gel purified and hgated with the vector arms. The ligation reaction was in vitro 
packaged using commercial packaging extracts (Stratagene). 
A 713 bp //mdin/EcoRI Mu8- specific probe was isolated from plasmid p713(Mu8) 
(Fleenor et al., 1990). 
Recombinant libraries were screened via in situ hybridization (Sambrook et al., 1989) 
at 68°C (maize) or 50 °C (leek and barley). Hybridizations were performed in 6X SSPE. 
Final washes were performed with 5 mM Tris (maize) or 0.1 X SSPE (leek and barley). 
Isolation and Analysis of Nucleic Acids 
Maize DNAs were isolated from seedlings or immature ears by the methods of 
Dellaporta et al. (Dellaporta et al., 1983) or Saghai-Maroof et al. (Saghai-Maroof et al., 1984). 
Maize DNAs were digested using commercially available restriction enzymes according to 
manufacturers' specifications. Digested DNAs were fractionated by electrophoresis in agarose 
gels, and transferred to nylon membranes (MSI) according to standard methods (Sambrook et 
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al., 1989). Membranes were subjected to hybridization and washed according to MSI's 
specifications. 
RNAs were isolated from a variety of frozen tissues following the method of Dean et 
al. (Dean et al., 1985). Leaves and roots were harvested from greenhouse-grown maize 
seedlings at the two-leaf stage (one week after planting). Each seedling RNA sample was 
prepared from a bulk of between 6 and 10 seedlings. Mature roots, leaves, husks and 
unfertilized ears were harvested from a greenhouse-grown Q60 F2 plant at the time of 
anthesis. Immature endosperms (inbred A636) were harvested 20 days after pollination. All 
harvested tissues were quickly frozen in liquid nitrogen and stored at -70 °C. 
RNAs were fractionated by electrophoresis in formaldehyde-containing agarose gels 
and blotted onto nylon membranes according to standard procedures (Sambrook, et al., 1989). 
Ethidium bromide-stained ribosomal RNAs were used as the internal loading control. 
Plasmid and phage DNAs were isolated by standard methods (Sambrook et al., 1989). 
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DNA probes were prepared by random hexamer priming using P labeled dCTP (Feinberg 
and Vogelstein, 1983). 
DNA Sequencing and Analysis 
Clones were sequenced at The Iowa State University Nucleic Acid Facility on an ABI 
373A automated DNA sequencer (Applied Biosystems, Foster City, CA). In all instances, 
both DNA strands were completely sequenced. Analyses of the resulting DNA sequences 
were performed using Version 8 of the Genetics Computer Group (Madison, WI) sequence 
analysis software. The output of the sequence alignments was produced using version 3.21 of 
the Boxshade algorithm. 
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RESULTS 
Isolation of Transposon-Tagged Alleles of theg/5 Locus 
Because a transposon-tagged allele, by definition, contains a transposon insertion and 
such an insertion often results in a mutation, it is possible to identify tagged alleles by 
screening for mutations within large populations that carry an active transposon system. Two 
general kinds of populations carrying the well studied Mutator transposon system were 
screened for gl8 mutations. The first population type was generated via Cross 1 and is an 
example of a directed tagging experiment. In the absence of a mutation, the seed produced by 
the female parent of this cross (listed first) will all be heterozygous iGl8/gl8-ref) and will 
therefore yield wild-type seedlings. Only if a gamete from the female {Mutator) parent carries 
a newly generated mutant allele (e.g., via the insertion of a Mu transposon) will a glossy 
seedling be obtained {gl8-Mu/gl8-ref). The screening of over 100,000 seedlings from this 
population resulted in the isolation and final recovery of 46 gl8-Mu alleles (data not shown). 
Cross 1: Mutator G18 Pr/Gl8 Pr X gl8-ref pr/gl8-ref pr 
In contrast to the directed tagging experiment described above (which generates 
mutants at a defined locus), random tagging experiments generate mutants at all loci that yield 
a glossy phenotype when mutated. At least 12 of a set of 42 gl* mutants isolated via random 
tagging were allelic to gl8 (Schnable et al., 1994). Together, the two tagging approaches 
generated 60 mutant alleles of gl8. 
Identification of a Mu8 Transposon that Co-segregates ynih gl8-Mu3142 
Candidate Mu transposon insertions at the gl8 locus can be identified by co-segregation 
analysis. Among progeny from a plant heterozygous for a given gl8-Mu allele, the Mu 
transposon inserted in diat gl8-Mu allele would be present in all progeny that carry the gl8-Mu 
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allele, but would be absent in all siblings that do not cany that gl8-Mu allele. Because large 
numbers of Mu transposons are present in the active Mutator stocks from which the gl8-Mu 
alleles were derived, lines carrying these alleles were first backcrossed (Cross 2) to a non-
Mutator stock for several generations to simplify the process of identifying the Mu transposon 
that co-segregates with a particular allele. The F1 hybrid Q60 was used as the 
recurrent parent for these backcrosses because it carries relatively few Mu transposons (data 
not shown). 
Cross 2; G18/G18 X gl8-Mu/Gl8 
At each generation plants were selected that carried the appropriate gl8-Mu allele and 
that carried the fewest number of Mu transposons (as determined via DNA gel blot analyses). 
Following four generations of backcrossing, progeny families, each of which was segregating 
for a particular gl8-Mu allele, were obtained. The genotypes of individual plants within these 
progenies were established via testcrosses. DNAs from individual siblings within each 
progeny family were digested with HindUl (which does not cut within most of the Mu 
transposons), and subjected to DNA gel blotting using Mu transposon-specific probes. 
In a family carrying the gl8-Mu3142 allele, an 8.6-kb HindEl, MwS-containing DNA 
fragment was identified that co-segregated with the gl8-Mu3142 allele in 88 progeny of Cross 
2 (Fig. 2A). This fragment was carried by all 59 heterozygous (gl8-Mu3142/Gl8) progeny, 
while none of the 29 homozygous (G18/G18) progeny carried this fragment. 
Cloning the glS Locus 
Hmdni-digested DNA fragments that ranged in size from 7.0-kb to 9.0-kb were 
isolated from a plant with the genotype gl8-Mu3142/Gl8 and cloned into the A. vector Charon 
33. Two Mw^-hybridizing clones were isolated from the resulting library. Because these two 
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clones appeared identical at the resolution afforded by endonuclease restriction enzyme 
recognition site mapping, only one, A^15, was further analyzed. The restriction site map of 
A515 is shown in Fig. 2B. 
To confirm that the insert of X515 is the specific AfaS-containing DNA fragment that 
co-segregates with the gl8-Mu3142 allele, the 3.6-kb ^fmdin-5acl fragment from 15 was 
used as a hybridization probe against the original co-segregation DNA blot shown in Fig. 2A. 
A portion of the resulting exposure is shown in Fig. 3. Two hybridizing fragments were 
revealed with this probe. One of the hybridizing fragments is about 7.2-kb in size. Because 
this fragment is carried by all plants in both genotypic classes, it must be derived from the G18-
containing chromosomes contributed by the female parent of Cross 2. This parent was 
heterozygous for two wild-type GIS alleles, G18+Q66 and G/S+Q67. Hence, these results 
establish that the G18+Q66 and G18+Q61 alleles do not display an RFLP under these 
conditions. The second hybridizing fragment is 8.6-kb and is present only in plants that carry 
the gl8-Mu3142 allele. Hence, this fragment must be derived from the gl8-Mu3142 containing 
chromosome contributed by the male parent of Cross 2. 
Although these results confirm that ^ 15 is a clone of the MMS-containing DNA 
fragment that co-segregates with the gl8-Mu3142 allele, they do not unambiguously establish 
that this clone is derived from the gl8 locus. To determine whether the DNA fragment cloned 
as /i515 indeed represents the gl8 locus, the 3.6-kb HindYTL-Sacl fragment of this clone was 
used as a hybridization probe in allelic cross-referencing experiments. The rationale for these 
experiments is that if this probe is derived from the gl8 locus it would be expected to be able to 
detect RFLPs between gl8 mutants and their respective wild-type progenitor alleles. 
To conduct these experiments, DNAs from 12 rare glossy seedlings derived from 
Cross 1 (each of which carried an independently derived gl8-Mu allele) were compared via gel 
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blot analyses to DNAs from their wild-type siblings. These analyses demonstrated that X515 
does in fact cross-hybridize with the gl8 locus. Fig. 4 illustrates an analysis of one of these 12 
families, that which gave rise to the mutant allele gl8-Mu91g210. DNAs from the glossy 
seedling and its corresponding wild-type siblings were digested with £coRI and subjected to 
gel blot analysis. The genotypes of the glossy seedling and its wild-type siblings were gl8-
Mu91 g210/gl8-ref and Gl8/gl8-ref, respectively. Hybridization with the 3.6-kb H/ndlll-SacI 
fragment from X515 revealed three hybridizing fragments in each DNA sample. Two 
common bands were present in all DNA samples, and were therefore derived from the gl8-ref 
allele which was carried by all plants. Because each wild-type sibling had one of two forms of 
the third band, these two bands represent two distinct wild-type alleles derived from the female 
parent of Cross 1. The segregation of two wild-type alleles in this family is not unexpected 
based on the origin of the Mutator stocks used in Cross 1; many of the female parents were 
heterozygous for any two of the following four alleles: G18+Q66, G18+Q67, G18+B77, or 
G18+B79. One of the two wild-type G18 alleles that are segregating among the wild-type 
seedlings is the direct progenitor of gl8-Mu9lg210. Significantly, the exceptional glossy 
seedling, which had the genotype gl8-Mu91g210/gl8-ref, carried a band different in size from 
those associated with both wild-type G18 alleles in this family. This result demonstrates that 
coincident with the mutation at the gl8 locus that generated the gl8-91g210 allele, a DNA 
rearrangement occurred in the fragment detected by the 3.6-kb Mndin-5acl fragment from 
15. Analogous results were obtained in 8 out of 11 additional comparisons between 
independendy derived gl8-Mu alleles and their direct wild-type progenitors. Therefore, these 
allelic cross-referencing experiments demonstrate that ^15 contains at least part of the gl8 
locus. 
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Expression of the gl8 Gene 
The expression of the gl8 gene was analyzed by RNA gel blot analyses. RNAs were 
isolated from seedlings with the genotypes: G18/G18 (Q60 F2), gl8-ref/gl8-ref and gl8-
Mu3142/gl8-Mu3142. The gl8-ref and gl8-Mu3142 alleles in this analysis had been both 
backcrossed to Q60 for two generations to place the alleles in a near-uniform genetic 
background. Using the 3.6-kb HindSl-Sacl fragment of X515 as probe, a single 1.4-kb 
mRNA was detected in RNAs isolated from the wild-type and mutant seedlings (Fig. 5A). 
This mRNA accumulates to significantly lower levels in RNAs isolated from the gl8-ref and 
gl8-Mu3l42 mutant seedlings as compared to wild-type seedlings. 
The accumulation of the gl8 mRNA was also analyzed in various organs of a 
homozygous wild-type plant at various stages of development (Fig. 5B). The gl8 mRNA 
accumulates in all stages of development and in all organs analyzed. However, this 
accumulation is significantly lower than in seedling leaves. 
Isolation of cDNAs Derived from the Maize gl8 Gene and g/5-Orthologs from Barley, 
Leeic and Arabidopsis 
The 3.6-kb HindlH-Sacl fragment of clone ^ 15 was used to screen approximately 
400,(XX) plaques from a cDNA library prepared by Alice Barkan from greenhouse two-week-
old maize B73 seedlings. Eight g/S-hybridizing clones, representing three size classes (0.5 kb, 
0.8 kb and 1.2 kb) were isolated. A I.2-kb cDNA was partially sequenced and found to 
include an unspliced intron (data not shown). A 0.8-kb cDNA was sequenced and shown to 
contain an open reading frame that extended to the 5' end and encoded 172 amino acid 
residues. This clone was named p88m and used to isolate an apparently full-length 1.4-kb gl8 
clone from a second cDNA library also prepared from B73 seedlings. This clone was also 
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sequenced and shown to encode a 327 amino acid protein with a predicted molecular mass of 
36 kDa. 
Orthologs of the maize gl8 gene were isolated by screening approximately 200,000 
plaques each from barley and leek cDNA libraries with the 0.8-kb gl8 cDNA. Based on its 
alignment with the maize gl8 sequence, the 1.1-kb barley cDNA clone appears to be full length 
(Fig. 6). It contains an open-reading frame that encodes a 325 amino acid protein. Because the 
leek cDNA is only 872 base-pairs in length and encodes a 173 amino acid protein it is 
presumably a partial cDNA (Fig. 6). 
A BLAST (Altschul et al., 1990) search of the dbEST database identified an 
Arabidopsis ortholog of the maize gl8 gene. The corresponding cDNA clone (ID# 105H4T7) 
was obtained from the Arabidopsis Biological Resource Center (Columbus, OH) and 
sequenced. Clone 105H4T7 is 896 base pairs in length and has an open reading frame that 
encodes a 253 amino acid protein (Fig. 6). 
These gl8 orthologs are well conserved. The protein encoded by the full-length barley 
gl8 ortholog is 96% similar and 92% identical with the maize GL8 protein. The proteins 
encoded by the leek and Arabidopsis gl8 orthologs are about 87% and 11% similar and 77% 
and 59% identical, respectively, to the maize GL8 protein. 
Structure and Function of the GL8 Protein 
Based on an analysis using the PSORT algorithm (Nakai and Kanehisa, 1992), the 
deduced GL8 protein has an N-terminal cleavable signal sequence which is predicted to target 
this protein to the endoplasmic reticulum (Fig. 7). This finding is consistent with the recovery 
of elongase activity from microsomal preparations (Agarawal, et al., 1984; Lessire et al., 
1985a; Lessire et al., 1985b; Lessire et al., 1985c; Agrawal and Stumpf, 1985; Lessire et al.. 
47 
1989). The predicted cleavage site is located at the carboxyl side of residue 29. The barley glS 
ortholog has a nearly identical signal sequence (with only one amino acid difference out of 29), 
indicating that the final compartmentalization of the two proteins is probably the same. 
The PSORT algorithm predicted that GL8 is a Type la membrane protein with a single 
putative transmembrane helix that spans residues 71-87. Hence, this algorithm would indicate 
that the C-terminus of the mature GL8 protein is located within the cell. 
The TMpredict algorithm (Hofmarm and Stoffel, 1993) identified four potential 
transmembrane domains. One of these transmembrane domains is at essentially the same 
position as that found by PSORT (i.e., between residues 68-86). Another spans the predicted 
signal peptide i.e., between residues 15 and 34. The remaining two are located between 
residues 191 and 215, and between residues 282 and 304. Hence, both algorithms predict that 
the mature GL8 protein is an integral membrane protein. 
Identiflcation and Analysis of Proteins that Exhibit Sequence Similarity to the GLS 
Protein 
The deduced amino acid sequence of the maize GL8 protein was compared to the 
GenBank database using the BLAST algorithm (Altschul et al., 1990). These analyses 
revealed significant amino acid sequence similarities to a group of enzymes from plants, 
eubacteria, and mammals, all of which catalyze the reductions of ketones (Fig. 6). Included in 
this group are, ketoacyl-ACP reductases (EC 1.1.1.100), which are required for cie novo fatty 
acid biosynthesis, keto reductases (EC 1.3.1.-) which are required in polyketide biosynthesis, a 
putative oxidoreductase involved in the modification of a Rhizobium nodulation signal 
molecule, acetoacetyl-CoA reductases (EC 1.1.1.36), hydroxysteroid reductases (EC 1.1.1.62), 
tropinone reductase (EC 1.1.1.236) and glucitol-6-phosphate dehydrogenase (EC 1.1.1.140). 
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All of these enzymes belong to the short-chain alcohol dehydrogenases family defined in the 
Prosite database (Bairoch et al., 1995). A defining characteristic of this enzyme family is the 
presence of a signature pattern which contains two perfectly conserved residues, a tyrosine and 
a lysine. The former residue has been shown to be important for the catalytic activity and/or 
subunit binding in several members of this family (Ensor and Tai, 1991). The positions of 
these two invariant residues are indicated in Fig. 6. 
DISCUSSION 
Relatively few of the genes involved in cuticular wax accumulation have been cloned. 
Further, it has been difficult to assign precise molecular functions to those that have been 
cloned. The apparent orthologs, CERl and gll, are thought to code for a decarbonylase (Aarts 
et al., 1995) or a transmembrane receptor-like protein (Hansen et al., 1997), respectively. The 
gll (Tacke et al., 1995) and CERl (Negruk et al, 1996; Xia et al., 1996) orthologs code for 
novel proteins, as does the CE/?3 gene (Hannoufa et al., 1996). 
The gl8 gene was defined over sixty years ago (Emerson et al., 1935) when it was 
discovered that mutations at this locus interrupted the normal accumulation of cuticular waxes 
on maize seedling leaves. Although it has been possible to deduce some characteristics of the 
function of the GL8 protein via comparative chemical analysis of waxes exu-acted from wild-
type and mutant seedlings, a detailed understanding of the function of this gene in cuticular 
wax biosynthesis or deposition was hampered by the difficulty in isolating the GL8 protein. 
This report describes a genetic approach by which the gl8 gene was cloned and the sequence of 
its encoded protein deduced. 
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The Paup algorithm (Swofford, 1991) revealed that proteins that exhibit high degrees 
of sequence similarity to the GL8 protein fall into three clades (Fig. 8). The first clade consists 
of the plant gl8 orthologs isolated in this study and human 17-hydroxysteroid dehydrogenase. 
The second clade consists of a diverse collection of reductases that includes several 
Streptomyces reductases involved in polyketide biosynthesis, 7-hydroxysteroid dehydrogenase, 
tropinone reductase and sorbitol-6-phosphase 2-dehydrogenase. The third clade consists of 
acetoacetyl CoA reductases, nodG, and keto acyl-ACP reductases of Type II, dissociable, fatty 
acid synthases (FAS). This latter group includes fabG and several keto acyl-ACP reductases 
that are involved in de novo fatty acid biosynthesis in the plastids of higher plants. These 
predicted evolutionary relationships probably reflect the fact that gl8, its plant orthologs and the 
17-hydroxysteroid dehydrogenase (Geissler et al., 1994) are all (or are predicted to be) integral 
membrane proteins. In contrast, the keto acyl-ACP reductases in Clade 3 which are involved 
in the elongation of fatty acids in the de novo pathway are more distantly related because they 
are soluble globular proteins (Rawlings and Cronan, 1992). 
The findings that the GL8 protein has a high degree of sequence similarity to a family 
of enzymes, all of which catalyze the reduction of a ketone group, and that gl8 mutant 
seedlings accumulate less cuticular wax and reduce the chain lengths of some components of 
the wax that does accumulate, strongly suggest that the GLS protein functions to reduce the 
ketone group of the keto acyl intermediate produced during the elongation of very long chain 
fatty acids in cuticular wax biosynthesis. 
Fatty acids are elongated by the sequential addition of two-carbon units. In plants, de 
novo fatty acid biosynthesis occurs in the plastids and is catalyzed by a Type II, dissociable, 
FAS system (Fig. 9). Fatty acid synthesis is initiated with an acetyl-CoA primer to which the 
malonyl moiety from malonyl-ACP is condensed to generate a P-keto acyl-ACP intermediate. 
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Prior to the subsequent addition of another two-carbon unit, the carbonyl group of this 
intermediate is reduced to a methylene group. This occurs in three steps. The first of these 
steps is catalyzed by a P-keto acyl-ACP reductase. The subsequent reactions are catalyzed by 
the sequential action of a hydroxyacyl-ACP dehydrase and an enoyl-ACP reductase. The 
products of de novo fatty acid biosynthesis are fatty acids of 16 and 18 carbon units. 
The very long chain fatty acids required for cuticular waxes are products of further 
elongation of these C16 and C18 fatty acids. These elongation reactions occur outside of the 
plastids; the enzyme system that catalyzes these reactions is located within microsomal 
membranes (Agrawal et al., 1984; Lessire et al., 1985a; Lessire et al. 1985b; Lessire et al., 
1985b; Agrawal and Stumpf, 1985; Lessire, et al., 1989). Although the quaternary structure of 
this elongation system has not been defined, the finding that malonyl-CoA is required for these 
reactions (Agrawal et al., 1984; Agrawal and Stumpf, 1985), and that they produce a p-keto 
acyl-CoA intermediate (Lessire et al., 1989), indicate that these microsomal elongation 
reactions occur in a manner analogous to de novo fatty acid biosynthesis (Fig. 9). This view is 
supported by the findings that the Arabidopsis gene, FAEl (which is involved in the 
elongation of oleate (18:1) to 11-eicosenoate (20:1) anderucate (22:1) in seeds) is sequence 
similar to KASIH (James et al., 1995) which catalyzes the condensation of acetyl-CoA with 
malonyl-ACP. 
Given its proposed enzymatic function, seedlings that carry gl8 mutations would be 
expected to produce waxes having constituents with shorter carbon chain lengths. Indeed, as 
discussed earlier, such is the case, but only relative to certain components of the wax. The 
chain lengths of the alcohol and acid moieties of the wax esters produced by gl8 mutant 
seedlings are reduced relative to wild-type seedlings (from 32 and 22-26 carbons, respectively, 
to less than 24 carbons); similar effects are not observed on the free alcohols and aldehydes 
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(Bianchi et al., 1979). Hence, the GL8 protein (which we believe to be a 3-keto acyl reductase) 
must be required for the elongation (from 24 to 32 carbons) of fatty acids destined for the wax 
esters. Such channeled fatty acid elongations would require the presence of multiple elongation 
systems. Therefore, there must be at least one other P-keto acyl reductase responsible for the 
elongation of fatty acids from 18 carbons to 24 carbons. This, or another reductase, is also 
required for the further elongation of fatty acids destined for the free alcohols and aldehydes 
(whose chain lengths are not affected by mutations at gl8). These results are consistent with 
the hypothesis put forward by von Wettstein-Knowles (von Wettstein-Knowles, 1979) and 
recently reviewed by Post-Beittenmiller (Post-Beittenmiller, 1996), that elongation occurs via a 
multi-branched enzyme system within which substrates destined for specific end products are 
not freely exchangeable. The presence of multiple P-keto acyl reductases in maize is consistent 
with RNA gel blot experiments which revealed the presence of gl8 cross-hybridizing mRNAs 
in gl8 mutant seedlings. 
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FIGURE LEGENDS 
Figure L Visualization of the gl8 phenotype. A, a chimeric seedling that contains 
wild-type (left) and gl8 mutant (right) leaf sectors. B, A portion of this chimeric seedling was 
examined under the scarming electron microscopy (300X). The wild-type sector (left) is 
covered with wax crystals; the mutant sector (right) has considerably fewer crystals on its 
surface. Bar equals 20 um. C, Higher magnification (5000X) of same region as shown in 
Panel B. Bar equals 1 um. 
Figure 2. Identification and cloning of a MwS-containing fragment that cosegregates 
with the gl8-Mu3142 mutant allele. A, DNA samples isolated from progeny of the cross: glS-
Mii3142/Gl8 X G18/G18 were digested with //mdlll, electrophoresed on agarose gels, 
transferred to nylon membrane and hybridized with a 713-bp fragment from the Mu8 
transposon. M indicates marker lane. B, Restriction site map of the A515 clone, the 8.6-k;b 
Hindin. fragment of the gl8-3142 allele. H, ////idlll; X, Xhol, Sc, SacV, P, Pstl; SI, Sail: C. 
Clal. Triangle indicates the position of the Mu8 transposon. 
Figure 3. DNA gel blot analysis using X515. The 3.6-kb /fmdlll-SacI fragment of 
^515 was used as hybridization probe against the original cosegregation DNA gel blot 
illustrated in Fig. 2A. M indicates marker lane. 
Figure 4. Allelic cross-referencing experiments. DNA samples isolated from a plant 
that carried a newly induced mutant allele igl8-Mu9lg210/gl8-ref, designated gl) and its wild-
type siblings (Gl8-X/gl8-ref or Gl8-Y/gl8-ref, designated wild-type) were digested with EcoRI, 
electrophoresed on agarose gels and transferred to nylon membrane. Hybridization with the 
3.6-kb ////2din-5acl fragment of X515 revealed a size polymorphism associated with the glS-
Mu9lg2lO allele relative to both of the two wild-type alleles {G18-X and G18-Y). 
Figure 5. RNA gel blot analyses with the 3.6-kb HindJE-Sacl fragment of A,515. A, 
The accumulation of the glS transcript was analyzed in RNA isolated from seedlings with the 
genotypes: G18/G18 (Q60F2), gl8-ref/gl8-ref and gl8-Mu3I42/gl8-Mu3142. B, The 
accumulation of the gl8 transcript was analyzed in RNA isolated from various organs of wild-
type plants at both mature and seedling stages. 
Figure 6. Sequence aligiunents of the maize GL8 protein and proteins from other 
species. Predicted sequences are shown for the maize gl8 gene (gl8-Zm, GenBank accession 
number U89509); barley {Hordeum vulgare), leek {Allium porrum), and Arabidopsis 
orthologs of gl8 homolog sequence (gl8-Hv, gl8-Ap, and gl8-At, respectively); HSDH-Hs, 
EC 1.1.1.62, GenBank accession 1169300; KAR-Cl, EC 1.1.1.100, GenBank accession 
119791; KAR-At, EC 1.1.1.100, GenBank accession 462049; and fabG-Ec, EC 1.1.1.100, 
GenBank accession 119792. The sequences of the leek and Arabidopsis glS orthologs are 
partial. The GenBank accession numbers of the gl8 orthologs from barley, leek and 
Arabidopsis are U89510, U89511, and U89512, respectively. The conserved tyrosine and 
lysine residues within the active domain are indicated by asterisks. Amino acid identities in the 
alignments are indicated by black boxes with white letters. Similar amino acid are indicated by 
gray boxes. Dots indicate gaps introduced to optimize the alignments. 
Figure 7. Kyte and Doolittle hydrophobicity plot of the deduced amino acid sequence 
of the GLS protein. The arrow indicates the predicted N-terminal cleavable signal peptide. The 
single transmembrane domain predicted by PSORT (from amino acid residues 71-87) is 
indicated by TM. 
Figure 8. Phylogenetic tree of the GL8 protein and related proteins. The single most 
parsimonious tree obtained using the heuristic mediod (midpoint rooting) of the Paup 3.0 
algorithm is illustrated. gl8Zm, gl8Hv, gl8Ap and gl8At designate the maize GL8 protein and 
its orthologs from barley, leek Arabidopsis, respectively; HSDHHs, EC 1.1.1.62, 
GenBank accession 1169300; PKRSg, GenBank accession 1076100; PKRSn, GenBank 
accession 1181158; PKRSv, GenBank accession 118571; HSDHEs, EC 1.1.1.159, GenBank 
accession 114800; TRDs, EC 1.1.1.236, GenBank accession 539027; SDHKp, EC 1.1.1.140, 
GenBank accession 548951; AcAcRAc, EC 1.1.1.36, GenBank accession 130015; AcAcRZr, 
EC 1.1.1.36, GenBank accession 130017; nodGRm, GenBank accession 128466; fabGEc, EC 
1.1.1.100, GenBank accession 119792; KARCl, EC 1.1.1.100, GenBank accession 119791; 
KARAt, EC 1.1.1.100, GenBank accession 462049. The total tree length is 1742 with a 
consistency index of 0.775 and a retention index of 0.620. 
Figure 9. Elongation of very long chain fatty acids. The elongation of very long chain 
fatty acids destined for incorporation into cuticular waxes is thought to occur as illustrated. The 
nature of the Rl, R2 and R3 groups are not yet defined. 
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CHAPTER 3. THE MAIZE GL8 PROTEIN IS ONE OF THE COMPONENTS IN 
THE ACYL-COA ELONGASE COMPLEX INVOLVED IN THE PRODUCTION 
OF CUTICULAR WAXES AND IS ASSOCIATED WITH ENDOPLASMIC 
RETICULUM 
A paper to be submitted to Plant Physiology 
Xiaojie Xu, Rene Lessire, Basil J. Nikolau, and 
Patrick S. Schnable 
Abbreviations: ER, endoplasmic reticulum; PM, plasma membrane; GA, Golgi apparatus; 
PMSF, phenylmethylsulfomyl fluoride; TCA, trichloroacetic acid; EPTG, isopropyl-P-D-
thiogalactopyranoside; NBT, nitro blue tetrazolium; BCIP, 5-bromo-4-chloro-3-indolyI-
phosphate; MES, 2-[N-morpholino]ethanesulfonic acid. 
ABSTRACT 
The gl8 gene is required for the normal accumulation of cuticular waxes on maize 
leaves. Sequence analyses reveal that the predicted GL8 protein exhibits significant sequence 
similarity to a class of enzymes that catalyze the reduction of ketone groups to hydroxyl 
groups. Polyclonal antibodies were raised against GL8 protein expressed in E. coli. 
Subcellular fractionation experiments indicate that the GL8 protein is associated with the 
endoplasmic reticulum. Furthermore, polyclonal antibodies raised against purified acyl-CoA 
elongase complex from leek can interact with the E. co//-expressed GL8 protein. In 
combination, these findings suggest that the GL8 protein is a component of the acyl-CoA 
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elongase complex. This conclusion lends further support to our previous hypothesis that the 
GL8 protein functions as a reductase during the elongation of very long chain fatty acids 
required for the production of cuticular waxes. 
INTRODUCTION 
Cuticular waxes are complex mixtures of very long chain fatty acids (VLCFAs, >C18), 
and their derivatives such as hydrocarbons, alcohols, aldehydes, ketones, and esters (Tulloch, 
1976; Walton, 1990), which are synthesized from the plant epidermal cells (Kolattukudy, 
1968; Kolattukudy and Buckner, 1972; Cassagne and Lessire, 1974, 1978). The processes by 
which very long chain fatty acids are biosynthesized in higher plants are largely unknown. 
However, it is thought that the elongation takes place in a similar manner as does de novo fatty 
acid synthesis. It is believed that for each two carbons added to the growing acyl chain, four 
basic reactions occur: condensation, reduction, dehydration and a second reduction. These four 
enzymatic activities are collectively termed elongases (von Wettstein-Knowles, 1982). These 
elongases have been part ial ly purified from various plants,  including Allium porrum L. ,  
Lunaria annua, Sinapis alba, Limnanthes alba and Brassica napus (see review by Harwood, 
1988). These partially purified elongases resolve into several bands following SDS-
polyacrylamide gel electrophoresis (Bessoule et al., 1989). Hence, it is thought that the acyl-
CoA elongase is composed of several disassociable enzymes which have distinct functions but 
which collectively carry out very long chain fatty acid elongation (von Wettstein-Knowles, 
1982). Here, we report that the maize GL8 protein which shares significant amino acid 
similarities with keto reductases is one of the components in an acyl-CoA elongase complex 
involved in cuticular wax biosynthesis and is associated with the endoplasmic reticulum. 
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MATERIALS AND METHODS 
Plant Material 
Leaves were harvested at the two-leaf stage from maize seedlings from the inbred line 
B73 grown in a greenhouse sandbench. 
Preparation of Membrane Fractions 
Maize membrane fractions were prepared as described by Walker et al., 1987 and 
Douce et al., 1987 with minor modifications. All steps were performed at 4°C. Briefly, fresh 
or frozen maize seedling leaves were pulverized in liquid N2 and further homogenized in 
extraction buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 10% sucrose; P-mercaptoethanol 
and PMSF were added to 40 mM and 1 mM, respectively, immediately before use). The 
homogenate was filtered through four layers of cheese cloth and centrifiiged at 10,000g for 10 
minutes in a Sorvall GS A-600 rotor to pellet the chloroplasts. The resulting supernatant was 
centrifuged at 20,000g for 30 minutes in a GS A-600 rotor to pellet the mitochondria. The 
resulting supernatant was centrifuged at 100,000g for I hr in a Sorval AH629 rotor to pellet the 
microsomal fraction. The remaining supernatant was retained as the soluble fraction. 
A high-purity PM fraction was prepared using the aqueous dextran-polyethylene glycol 
two-phase system (Larsson et al., 1987). The microsomal fraction prepared as described 
above was suspended in 10 ml of suspension buffer (0.33 M sucrose, 3 mM KCl, 5 mM 
potassium phosphate, pH 7.8) After suspension, 9.0 g of the suspension was mixed with 27.0 
g of the phase mixture (11.16 g of 20% dextran T-5(K), 5.58 g of 40% polyethylene glycol 
3350, 3.05 g sucrose, 0.675 ml 0.2 M potassium phosphate, pH 7.8, 0.041 ml of 2 M KCl, 
plus distilled water to a fmal weight of 27.00 g). These two-phase mixtures were mixed 
thoroughly and separated by centrifligation at l,500g for 5 minutes (GSA-600 rotor). The 
upper phase was rescued and subjected to two additional phase partitionings. The final upper 
phase, enriched for the PM fraction (Larsson et al., 1987), was diluted with two volumes of 
suspension buffer and centrifuged at 100,000g for 30 minutes to pellet the PMs. 
The procedure for the isolation of the ER was modified from that of Lord (1987). The 
lower phases recovered as described above from the PM purification procedure, were diluted at 
least 10-fold with the suspension buffer and subjected to ultracentrifugation at 100,000g for 30 
minutes. The pellet was resuspended in the second suspension buffer (150 mM Tricine, pH 
7.5, 10 mM KCl, 1 mM EDTA, pH 7.5, 1 mM MgCl2, and 12% (W/W) sucrose). This 
suspension was layered onto a continuous sucrose density gradient. This gradient consisted of 
25 ml of sucrose solution increasing linearly in concentration from 30-60% (W/W) sucrose, 
with a 5 ml layer of 20% (WAV) sucrose on top, and a 2 ml cushion of 60% (WAV) sucrose 
on the bottom. All of the sucrose solutions contained 1 mM EDTA, pH 7.5. The gradient 
was centrifuged at 83,000g for 3 hr in an AH629 rotor. The interface below the 20% sucrose 
layer was rescued as the ER-enriched fraction. 
The procedure for the isolation of the GA was modified from that of Green (1983). 
The microsomal fraction suspension described above was layered over a discontinuous 
sucrose gradient consisting of 7 ml of 1.6 M sucrose layered over 7 ml of 1.8 M sucrose, 
centrifuged at 30,000g for 30 minutes in an AH629 rotor. Immediately after the 
centrifugation, the supernatant above the interface which formed above the layer of 1.6 M 
sucrose was collected as the microsomal fraction widiout GA and pelleted by centrifugation at 
100,000g for 1 hr in an AH629 rotor. Meanwhile, 7 ml aliquots of the 1.5 M, 1.25 M and 0.5 
M sucrose solutions were layered on top of the interface above the 1.6 M sucrose layer and 
centrifuged at 100,000g for 3 hrs. The interface that formed between the 0.5 M and 1.25 M 
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and between the 1.25 M and 1.5 M sucrose layers were collected, diluted with 0.2 M sucrose 
and pelleted by centrifugation at 100,0(X)g for 1 hr. The resulting pellet was recovered as the 
GA-enriched fraction. 
A tonoplast-enriched fraction was purified from the microsomal fraction via the 
method of Jacoby (1987). The microsomal pellet described above was washed with washing 
buffer (0.25 M sucrose, 2 mM DTT, 5 mM Tris/MES, pH 6.5, 500 mM KI) to reduce the 
contamination of absorbed phosphatases. After washing, the pellet was resuspended (0.25 M 
sucrose, 2 mM DTT, 5 mM Tris- MES, pH 6.5) and loaded on a discontinuous sucrose 
gradient with 10% and 23% sucrose layers, centrifiiged at 100,000g for 2 hrs. The tonoplast-
enriched fraction was obtained as the interface between the 10% and 23% sucrose layers. 
Enzyme Assays 
Two NADH-ferricyanide reductases with different stereospecificities for the a-
hydrogen and the p-hydrogen atoms on the nicotinamide ring were used as enzyme markers 
for the ER and PM. The stereospecificities of the NADH-ferricyanide reductase activities 
obtained from the different membrane fractions were assayed as described by Fredlund et al., 
(1996). The reaction buffer included: 180 nM a- or P-labelled NADH, 100 uM potassium 
ferricyanide, 50 mM MOPS-KOH, pH 7.2. The reaction was started by the addition of equal 
amounts of protein (200 ug) from the indicated membrane fraction, followed by incubation at 
room temperature for 10 min and stopped by boiling for 2 min. After adding unlabeled 
NADH to a final concentration of 0.5 mM, an aliquot was subjected to gel filtration through a 
9 ml Sephadex G-10 column and eluted with 50 mM MOPS, pH 7.2. The cpm in one ml 
fractions were determined by scintillation counting on a 19(X)TR liquid scintillation analyzer 
lAr 
(Packard Instrument Company) for 3 min. The presence of NADH in the fractions was 
monitored by absorbance at 340 nm. 
[4a-^H] NADH and [4P-'H] NADH were synthesized by reducing [4-^H] NAD^ 
(Amersham Life Science Inc., USA) with giucose-6-phosphate dehydrogenase (Boehringer, 
Indianapolis, IN) and alcohol dehydrogenase (Boehringer), respectively. The H"" donors for 
the two reactions were glucose-6-phosphate and ethanol, respectively. 
IDPase was used as an enzyme marker for the GA-enriched fraction (Green, 1983). 
The reaction was started by the addition of the membrane suspension to the reaction buffer (5 
mM IDF, I ntiM MgClj, 50 mM Tris, pH 7.5, with or without 0.1% (VA^) Triton X-100), 
incubated at 37°C for 60 min, and stopped with the addition of cold 12.5% (W/V) TCA. 
Released phosphate was measured by the method of Taussky and Shorr (1953). Briefly, the 
concentration of phosphate was determined by absorbance at 720 nm in ferrous sulfate-
ammonium molybdate reagent (100 ml solution freshly prepared with Ig ammonium 
molybdate, 10 ml 10 N sulfuric acid and 5g of FeS04- 7H2O) and compared to a standard 
curve. 
Nitrate-sensitive Mg^^-ATPase was used as an enzyme marker for the tonoplast 
(Jacoby, 1987). The reaction was started by the addition of membrane aliquot to the reaction 
buffer (30 mM Tris/MES, pH 8.0, 50 mM KCl, 3 mM Tris-ATP, 3 mM MgSO,. 0.1 mM 
vanadate, 0.5 mM azide, 0.1 mM ammonium molybdate) in the presence or absence of 20 
mM KNO3. Following incubation at 37 °C for 60 min, the reaction was stopped by the 
addition of cold 12.5% TCA. The released phosphate was determined by the method of 
Taussky and Shorr (1953). 
Protein concentrations were determined via the method of Bradford (1976) by using 
the Bio-Rad (Hercules, CA) Protein Assay Kit. 
Expression of the Maize 6L8 Protein in E. coli 
The 0.8-kb gl8 cDNA (Xu et al., 1997, Genbank # U89509) was excised from p88m 
by digestion with £coRI and Xhol and cloned in- frame into the corresponding sites of pET-
30c expression vector (Novagen, Inc., Madison, WI), to generate pR8. The junctions of this 
construct was sequenced and found to be identical to the corresponding region of p88m. The 
protein expressed by pR8 is expected to contain 167 amino acids from the carboxyl terminal of 
the GL8 protein fused to N-terminal S- and His-tags from the expression vector. The 
predicted size of this protein is 19.7 kD. 
The C-terminal coding region from the 0.8-kb gl8 cDNA clone p88m was PGR 
amplified using the universal primer (5'-GTA AAA GGA GGG GGA GT) and primer gl8e3 
from the gl8 coding region (5'-GTG GGG AGA AAG GTT GGA TGT ATG AGG AAG 
TGT). Because primer gl8e3 contains a sequence mismatch (AAGGTT) relative to the cDNA 
sequence, the resulting PGR product contains a new M/idin restriction site which was used for 
subsequent subcloning procedures. This PGR product was subjected to HirvXSi and Xhol 
digestion and cloned in-frame into the pET-30b expression vector (Novagen) to generate pGT. 
pGT was completely sequenced and found to be identical in sequence to the corresponding 
region of p88m. The protein expressed by pGT is expected to contain 77 amino acids from the 
carboxyl terminal of the GL8 protein, fused to N-terminal S- and His-tags from the expression 
vector. The predicted size of the protein is 15 kD. 
Both expression constructs were u-ansformed into the E. coli strain B121(DE3) 
(Novagen). Expression was induced by the addition of IPTG to a final concentration of 0.4 
mM to exponentially growing cultures. In both cases, the fusion proteins accumulated in 
inclusion bodies and were solubilized with 6 M urea and purified using Novagen His-Bind 
resin columns according to the manufacture's protocol. The eluted proteins were collected and 
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dialyzed against a series of 1 X PBS (170 mM NaCl, 6.2 mM KCl, 12.6 mM Na^HPO^, 2.2 
mM KH2PO4, pH 7.4) solutions containing decreasing concentrations of urea (4 M, 3 M, 2 
M, 1 M, 0.5 M) and finally against PBS without urea. The resulting protein solutions were 
concentrated with sucrose powder and subjected to either SDS-PAGE electrophoresis or 
injected directly into rabbits. 
Generation of Antibodies 
Polyclonal antibodies were generated by the injection of individual rabbits with 
approximately 0.5 mg of GL8 protein emulsified in incomplete Freund's adjuvant. Rabbits 
were subsequently challenged with two additional injections of 0.5 mg of GL8 protein 
emulsified in Freund's adjuvant. 
The resulting antisera were affinity purified (Sambrook et al., 1989). The expressed 
GL8 protein from the pR8 construct was fractionated by SDS-PAGE and transferred to 
nitrocellulose membrane. Sections of nitrocellulose membrane containing the expressed GL8 
protein were excised and incubated in blocking solution (5% BSA, 0.05% Tween 20, 500 mM 
NaCl, and 20 mM Tris-HCI, pH 7.5) for 1 hr. The blot was then incubated in a 1:50 dilution 
of the antiserum derived from the pCT construct for 8 hr at 4 °C. The strip was then washed 
three times with blocking solution for 12 hrs. The affinity-purified antibodies were then eluted 
with a low pH buffer (0.1 M glycine, pH 2.7) and immediately neutralized with 1 M sodium 
phosphate buffer (pH 7.7) to a final concentration of 50 mM and stored at 4 °C in the presence 
of 0.02% sodium azide. 
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Immunoblot Analyses 
SDS-PAGE was conducted according to standard methods (Sambrook, 1989). After 
SDS-PAGE, gels were either stained with Coomassie Brilliant Blue R-250 or 
electrophoretically transferred to nitrocellulose membranes in transfer buffer (48 mM Tris, pH 
9.2, 39 mM glycine, 20% methanol), at 15 V for 40 min using a Bio-Rad Trans-Blot Semi-
Dry Electrophoretic Transfer Cell. Immunoblotting procedures were based on the 
manufacture's protocol (Hames, 1981). Briefly, blots were preincubated with blocking 
solution (5% BSA, 10 mM Tris, pH 8.0; 150 mM NaCl) for 2 h at room temperature, 
followed by incubation with affinity-purified antibodies at the indicated dilutions for 1-3 hours, 
washed with washing solution (10 mM Tris, pH 8.0; 150 mM NaCI, 0.05% Tween 20) and 
then incubated widi anti-rabbit IgG alkaline phosphatase conjugate (Sigma) at a 1:30,000 
dilution for 1 hr. Finally, blots were washed again with the washing solution and incubated in 
the substrate mixture: BCIP and NBT in alkaline phosphatase buffer (100 mM NaCl, 5 mM 
MgClj, 100 mM Tris, pH 9.5) until color developed (about 15 min). S-tag western blotting 
was performed similarly. Briefly, proteins were transferred from the SDS-PAGE gel to 
nitrocellulose membrane with transfer buffer (12 mM Tris, 96 mM glycine, pH 8.3, 20% 
methanol), incubated for 15 min at room temperature in TBST buffer (10 mM Tris, pH 8.0, 
150 mM NaCl, 0.1% Tween 20) plus 1% gelatin to block excess protein binding sites, S-
protein alkaline phosphatase was added to a dilution of 1:5000 and incubated for another 15 
min at room temperature, washed with TBST and then treated as described above to allow 
color development. 
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RESULTS 
Generation of Anti-GL8 Antibodies 
Two HiSg-GLS fusion proteins were overexpressed in E. coli. The first construct, pR8, 
consists of a fusion of 167 amino acids from the C-terminus of the GL8 protein with N-
terminal S- and His-tags. The second construct, pCT, includes only the 77 amino acids from 
the C-terminus of the GL8 protein fused with the N-terminal S- and His-tags. Sequence 
comparisons have revealed that the sequence of this 77-amino acid region of the GL8 protein is 
only poorly conserved as compared to GL8 orthologs from other plant species (Xu et al., 
1997). In addition, hydrophobicity-plots indicate that this region is quite hydrophilic relative to 
the remainder of the GL8 protein (Xu et al., 1997). Figure 1A shows that E. coli B121(DE3) 
that harbors pCT and induced with IPTG accumulates a prominent protein of the expected size 
of the pCT GL8 fusion protein (15 kD). The identity of this protein was confirmed by western 
blotting using the S-protein alkaUne phosphatase conjugate which detects the S-tag fused to the 
N-terminus of the pCT protein (Figure IB). The pR8 construct was also expressed in the E. 
coli (data not shown). Further analyses indicated that the expressed proteins from both 
constructs accumulated as inclusion bodies (data not shown). These proteins were solubilized 
in 6 M urea and purified using a His-binding resin column. The purified expressed proteins 
were then dialyzed against series of dilutions of urea in PBS buffer. However, when the 
concentration of urea in the dialysis solutions reached 2 M, both expressed proteins 
precipitated. 
Polyclonal antibodies were generated from both constructs. The sera from rabbits 
challenged with the pCT protein had higher titers than those obtained with the pR8 construct 
and was therefore used for further analyses. The pCT anti-serum was affinity purified as 
described in the materials and methods and found to be able to immunologically detect both the 
pCT and pR8 expressed proteins in E. coli extracts (data not shown). 
Distribution of the GL8 Protein in Membrane Fractions 
To assess the subcellular localization of the GL8 protein in maize leaf cells, cellular 
membranes were separated by differential centrifugation. Figure 2 reveals that the affinity-
purified GL8 anti-serum detects a protein in the microsomal-enriched fraction, but not in total 
seedling leaf extracts, chloroplast- and mitochondria-enriched fractions nor in the remaining 
supernatant. This immunologically detected protein has a size of approximately 32 kD, the 
expected size of the mature GL8 protein after the cleavage of the proceeding N-terminal signal 
peptide (Xu et al., 1997). The inability to immunologically detect the GL8 protein in total 
seedling leaf extract probably reflects its low abundance. The pre-immune serum does not 
detect any proteins on western blots of these major proteins (data not shown). 
Because differential centrifugation of the post-mitochondrial supernatant at high speed 
was used to isolate the microsomal fraction, this fraction is a mixture of small ER vesicles and 
other membranous material derived from the OA, tonoplast and PM (Lord, 1987). The 
location of the GL8 protein was determined immunologically among these various membrane 
fractions. The PM-enriched fraction was purified via a two-phase system as described in the 
Materials and Methods. The ER membrane-enriched fraction was purified from the fraction 
remaining after the PM fraction was removed. As shown in Figure 3, the GL8 protein was 
immunologically detected in the ER-enriched fraction (ER) and the microsomal fraction 
following the removal of the PM (Ms-PM), but was not detectable in the PM-enriched fraction 
(PM). The identities and purities of these membrane fractions were assayed using the 
stereospecificity of NADH-ferricyanide reductase as an enzyme marker (Fredlund, et al.. 
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1996). The ER contains only the a-specific NADH reductase activity, while the PM contains 
only the P-specific activity. These enzyme activities were measured by monitoring the release 
of tritium (in separate reactions) from the a- and P- positions on the nicotinamide ring of 
NADH into the aqueous buffer. As shown in Figure 3B, when [4a-^H] NADH was 
incubated with the ER-enriched membrane fraction, the highest level of tritium was observed 
in fraction 7. In contrast, when [4p-^H] NADH was used as the substrate, the highest level of 
tritium was observed in fraction 4. Because NADH elutes in fraction 4 (Figure 3C), these 
results indicate that the ER-enriched fraction contains the a-specific but not the P-specific 
NADH-ferricyanide reductase activity. Hence, the ER-enriched fraction is not detectably 
contaminated with the PM. Similarly, when [4a-^H] NADH or [4P-^H] NADH were 
incubated with the PM-enriched membrane fraction, the highest levels of radioactivity were 
observed in fractions 4 and 7, respectively (Figure 3D, 3E). Hence, the PM-enriched fraction 
contains the P-specific, but not the a-specific, NADH-ferricyanide reductase activity. These 
results estabhsh that the PM-enriched fraction is not detectably contaminated with the ER. 
A GA-enriched fraction was purified from the microsomal fraction as described in the 
Material and Methods. A fraction containing the remaining intracellular membranes (including 
the ER) was also recovered. As shown in Figure 4, the GL8 protein was immunologically 
detected in the ER-enriched fraction (ER) and the microsomal fraction after the removal of the 
OA (MS-GA), but not in the GA-enriched fraction (GA). The enzyme marker IDPase was 
used to assay the identity and purity of the GA-enriched fraction. As shown in Figure 43, the 
GA-enriched fraction has much higher IDPase activity as compared with the remaining 
membrane fractions, indicating that the ER fraction is relatively free of GA contamination. 
A tonoplast-enriched fraction was purified from the microsomal fraction as described 
in the Materials and Methods section. The remaining intracellular membranes were also 
recovered. As shown in Figure 5, the GL8 protein was immunologically detected in the ER-
enriched fraction (ER) and the microsomal fraction after the removal of the tonoplast (MS-
TN), but not in the tonoplast-enriched fraction (TN). The nitrate-sensitive Mg^^-dependent 
ATPase was used as an enzyme marker to assay the identity and purity of the tonoplast-
enriched fraction. The tonoplast-enriched fraction has substantially more ATPase activity than 
the other two membrane fractions. The addition of nitrate led to a substantially greater 
reduction in ATPase activity in the tonoplast-enriched fraction than in the other membrane 
fractions. This result confirms the identity of the tonoplast-enriched fraction and establishes 
that there is little tonoplast contamination in the ER fraction. 
The experiments described above demonstrate that the GL8 protein is associated with 
the ER membrane in the microsomal-enriched fraction. 
Interaction of the GL8 Protein With Anti-Leek Acyl-CoA Elongase Complex 
Antibodies 
Polyclonal antibodies (Bessoule, et al., 1992) raised against acyl-CoA elongase 
complex solubilized and partially purified from leek epidermis (Bessoule, et al., 1989) detects 
multiple bands in a maize seedling leaf microsomal-enriched fraction (data not shown). More 
revealingly, Figure 6 shows that these elongase complex antibodies immunologically detect the 
GL8 protein expressed by the pCT construct. Similar results were obtained with the protein 
expressed from the pR8 construct (data not shown). The finding that the leek acyl-CoA 
elongase complex antibodies can interact with the GL8 protein provides a strong indication that 
the GL8 protein is one of the components of the acyl-CoA elongase complex. 
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DISCUSSION 
VLCFAs play an important role in both the biosynthesis of cuticular waxes and in the 
biogenesis of the PM (Kolattukudy, 1980; Cassagne et al., 1987). It has been proposed that 
the elongation of VLCFAs occurs in a manner analogous to that involved in de novo fatty acid 
biosynthesis (Stumpf, 1984; von Wettstein-Knowles, 1995). It has been hypothesized that the 
elongation of VLCFAs involves the following steps: a condensation reaction between an acyl 
primer and raalonyl-CoA to form a P-ketoacyl derivative, the reduction of the ketoacyl 
derivative to form a P-hydroxyacyl derivative, the dehydration of the P-hydroxyacyl and a 
second reduction. Experimental evidence has been accumulating over the past decade to 
support this hypothesis (reviewed by von Wettstein-Knowles, 1987; Post-Beittenmiller, 1996). 
One line of evidence came from the identification of P-ketoacyl-Co A intermediates during 
acyl-CoA elongation in leek epidermal cells (Lessire, et al., 1989). Recently, a 57-kD protein 
has been purified and cloned from jojoba that has ketoacyl-CoA synthase activity and which 
can generate p-ketoacyl-CoA (Lassner, et al., 1996). However, the subsequent reactions after 
the formation of P-ketoacyl-CoA remain to be elucidated. 
The maize gl8 gene was cloned by transposon tagging. Sequence analyses indicate that 
it has significant sequence similarity to ketoacyl reductases. This result suggested that the gl8 
gene may code for a P-ketoacyl-CoA reductase involved in VLCFAs elongation (Xu et al., 
1997). The initial biochemical composition analysis of the gl8 mutant is consistent with a 
block in the early steps of the elongation of VLCFAs (Bianchi et al., 1979; Von Wettstein-
Knowles, 1987). Our finding that antibodies raised against the acyl-CoA elongase complex 
from leek can interact with the GL8 protein provides additional evidence that the GL8 protein is 
one component of the elongase complex and provides additional support for the hypothesis 
that the elongase is a multi-enzyme complex. 
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In those species where it has been studied, the elongase complex(es) is (are) associated 
with the microsomal fraction (Agrawal, et al., 1984; Lessire et al., 1985a, b, c, 1989). The 
microsomal fraction is a complex mixture of intracellular membranes that originate from the 
ER, GA, PM and tonoplast. In both leek epidermis and in maize coleoptiles, major elongase 
activity is associated with the ER-enriched fraction. These activities utilized C,g-CoA as 
elongation primers (Cassagne and Lessire, 1978; Lessire, et al., 1982). Two additional 
elongation activities were detected in leek epidermis (Moreau, et al., 1988). One was found to 
be mainly associated with the GA (Cassagne, et al., 1987) and utilizes Cjq-COA as a substrate 
for elongation. The other exhibits ATP-dependent activity and is present in unidentified 
membranes and utilizes uncharacterized substrates (Agrawal, et al., 1984). None of these 
elongases activities was found to be associated with the PM, even though very long chain fatty 
acids constitute about 5-10% of the acyl moieties of the PM in higher plants (Lessire et al., 
1982). One possibility could be that the procedure used for the purification of PM specifically 
inhibits a PM-associated elongase activity. Given this concern, immunolocalization studies 
provide convincing evidence as to the subcellular localization of the elongase(s). The PSORT 
algorithm (Nakai and Kanehisa, 1992) predicts that the GL8 protein contains an N-terminal 29 
amino acid signal peptide that targets this protein to the ER. Because the GL8 protein does not 
contain any of the known ER retention consensus signals, the PSORT algorithm predicts that 
the GL8 protein will be associated with the PM. However, our studies using affinity-purified 
GL8 polyclonal antibodies have revealed that the GL8 protein is associated with the ER-
enriched fraction, not the PM-enriched fraction. This result is consistent with previous 
enzymology data that placed the elongase complex in the ER. In addition, this finding also 
establishes that the GL8 protein contains an as yet undefined ER retention signal. 
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FIGURE LEGENDS 
Figure 1. Expression of the HiSg-GL8 fusion from pCT in E. coli. A, Protein extracts 
from E. coli strain B121(DE3) (lane 1), B121(DE3) harboring pET 30b (lane 2) and E. coli cell 
harboring pCT construct induced with IPTG (lane 3) were fractionated by SDS-PAGE 
(12.5%) and stained with Coomassie Brilliant Blue. Approximately 100 ug of protein was 
loaded in each lane. The positions of the molecular mass standards are indicated in kD. B, 
Proteins from a gel identical to that shown in Panel A were transferred to nitrocellulose filter. 
The expressed protein was detected with S-protein alkaline phosphatase conjugate as described 
in the Materials and Methods. 
Figure 2. Subcellular localization of the GL8 protein. A, Protein extracts from total 
maize seedling leaf extract (LE), chloroplast (C), mitochondria (Mt), microsomal (Ms), and 
supernatant (S) fractions were fractionated by SDS-PAGE (12.5% acrylamide) and stained 
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with Coomassie Brilliant Blue. Each lane was loaded with 200 ug protein. The positions of 
the molecular mass standards are indicated in kD. B, Protein samples from a gel identical to 
that shown in panel A were transfered to nitrocellulose and incubated with affinity-purified 
GL8 antibodies as described in the Material and Methods. 
Figure 3. Assay for the presence of the GL8 protein in ER- and PM- enriched 
fractions. A, Immunoblot analysis of proteins from the ER membrane enriched fraction (ER), 
microsomal fraction after the removal of the plasma membrane (Ms-PM), and the plasma 
membrane enriched- fraction (PM) with GL8 antibodies at a 1:2000 dilution. 80 ug of protein 
were loaded per lane. B, The stereospecificity of NADH-ferricyanide reductase associated 
with the ER-enriched fraction. C, Elution of NADH from columns loaded with reactions 
containing the ER-enriched fraction. D, The stereospecificity of NADH-ferricyanide reductase 
associated with the PM-enriched fraction. E, Elution of NADH from columns loaded with 
reactions containing the PM-enriched fraction. Closed circles and squares represent data from 
experiments in which [4a-H] NADH and [4P-H] NADH were used as substrates, 
respectively. 
Figure 4. Assay for the presence of the GL8 protein in GA-enriched fraction. A, 
Immunoblot analysis of proteins from the ER-enriched fraction (ER), microsomal fraction 
after the removal of the GA (Ms-OA), and the GA-enriched fraction (GA) with affinity-
purified GL8 antibodies at a 1:2000 dilution. 80 ug of protein were loaded per lane. B, 
IDPase activity associated with the membrane fractions described above. The light and dark 
bars represent IDPase activity in the absence and presence of Triton X-100, respectively. 
Figure 5. Assay for the presence of the GL8 protein in the tonoplast-enriched fraction. 
A, Immunoblot analysis of proteins from the ER-enriched fraction (ER), microsomal fraction 
after the removal of the tonoplast (Ms-TN), and the tonoplast-enriched membrane fraction 
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(TN) with affinity-purified GL8 andbodies at a 1:2000 dilution. 80 ug of protein were loaded 
per lane. B, Nitrate-sensitive Mg'"^ -dependent ATPase activity associated with the membrane 
fractions described above. Light and dark bars represent ATPase activides in the presense and 
absence of nitrate, respectively. 
Figure 6. Interacdon of the GL8 protein with leek and-acyl-CoA elongase complex 
antibodies. A, Protein extracts from E. coli strain B121(DE3) (lane 1), B121(DE3) harboring 
pET 30b (lane 2) and purified expressed protein from E. coli cell harboring pCT construct 
induced with IPTG (lane 3) were fractionated by SDS-PAGE (12.5%) and stained with 
Coomassie Brilliant Blue. Approximately 140 ug of protein were loaded in lane 1 and lane 2, 
5 ug were loaded in lane 3. B, Immunoblot analysis of protein samples as described in panel 
A with the leek anti-acyl-CoA elongase complex antibody at a dilution of 1:5(X). Protein 
loading was as described for panel A. 
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CHAPTER 4. GENERAL SUMMARY AND CONCLUSION 
Surfaces of the aerial portions of plants are covered with a complex mixture of unique 
lipids termed cuticular waxes. Cuticular waxes are complex mixttires of very long chain fatty 
acids (VLCFAs, >C18), and their derivatives such as hydrocarbons, alcohols, aldehydes, 
ketones and esters (Tulloch, 1976; Walton, 1990). Being at the boundary between a plant and 
its environment, the cuticular waxes provide important functions in the survival and normal 
growth of plants (Martin and Juniper, 1970; Kolattukudy, 1981). Cuticular waxes provide 
drought tolerance (Hadley, 1989). Furthermore, the cuticular wax coating has been implicated 
in playing a role in plant-pathogen interactions (Koluttukudy, 1987), frost resistance (Thomas 
and Barber, 1974; Single and Marcellos, 1974; Harwood, 1980), and protecting plants from 
UV irradiation. 
Despite their biological significance, little is known about the biochemical and 
molecular genetic mechanisms that regulate the biogenesis of cuticular waxes. It is thought that 
the elongation of very long chain fatty acids takes place in a manner similar to that of de novo 
fatty acid synthesis. The addition of two carbon units to a growing acyl chain is thought to 
require the four basic reactions of condensation, reduction, dehydration and a second round of 
reduction. These four enzymatic activities have been collectively termed elongases (von 
Wettstein-Knowles, 1982). Much of the research on cuticular wax biosynthesis has focused 
on elongases. Both biochemical studies and characterization of elongase activities from leek 
and rapeseed have led to the hypothesis that the acyl-CoA elongase is composed of several 
separate enzymes which have distinct functions and collectively carry out the process of very 
long chain fatty acid elongation (von Wettstein-Knowles, 1982). This thesis reports the 
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cloning and initial characterization of the maize gl8 gene which shares significant sequence 
similarities to a class of enzymes that catalyze the reduction of ketone groups. 
The maize glossyS mutant was initially identified over sixty years ago (Emerson, 1935) 
and mapped on the long arm of chromosome 5. Mutations at the gl8 locus reduce the amount 
of wax on the surface of maize seedlings to about one third that of wild-type levels (Bianchi et 
al., 1979). The aldehyde, alcohol and ester components of the cuticular waxes of glS mutant 
seedlings accumulate to 17%, 23% and 70% of the wild-type levels, respectively. The chain 
lengths of the alcohol and acids moieties of the wax esters produced by glS mutant seedlings 
are reduced relative to wild-type seedlings. This change is from 32 and 22-26 carbons, 
respectively to less than 24 carbons. Similar effects are not observed on the free alcohols and 
aldehydes (Bianchi, et al., 1979). 
Since most of the enzymes involved in cuticular wax biosynthesis are membrane-
bound multi-enzyme complexes (Cassagne, et al., 1994), it is difficult to use traditional 
biochemical approaches to purify these enzymes to homogeneity without loss of enzyme 
activity. Instead, a molecular genetic approach (transposon tagging) was used to clone the gl8 
locus. Over sixty independently derived gl8 mutant alleles have been isolated from stocks that 
carried the Mutator transposon system (see appendix). A DNA fragment that contains a Mu8 
transposon and that co-segregates with one of these alleles, gl8-Mu3142, was identified and 
cloned. DNA flanking the Mu8 transposon was shown to represent the gl8 locus via allelic 
cross-referencing experiments. The gl8 probe reveals a 1.4-kb transcript present in wild-type 
seedling leaves, and in lesser amounts, in other organs and at other developmental stages. The 
amino acid sequence deduced from an apparently full-leng± gl8 cDNA exhibits highly 
significant sequence similarity to a group of enzymes from plants, eubacteria, and mammals, 
that catalyze the reduction of ketone group to hydroxy group. This finding suggests that GLS 
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protein probably functions as a reductase during fatty acid elongation in the cuticular wax 
biosynthetic pathway. 
The PSORT algorithm predicts that the GL8 protein has a cleavable 
29 amino acid N-terminal signal peptide, which targets the protein to the endoplasmic 
reticulum. Since there is no consensus retentional signal, the GL8 protein was predicted to be 
associated with the plasma membrane. This algorithm also predicts that GL8 is a 
transmembrane protein. To determine the subcellular localization of the GL8 protein, 
polyclonal antibodies were raised against a protein derived from a portion of the gl8 cDNA 
that had been expressed in E. coli. Subcellular immunoblot analyses indicated that the GL8 
protein is associated with the endoplasmic reticulum. Furthermore, polyclonal antibodies 
raised against the acyl-CoA elongase complex from leek epidermis can interact with GL8 
protein that had been expressed in E. coli. This result provides substantial evidence that the 
GL8 protein is one of the components in the acyl-CoA elongase complex. This finding also 
supports our previous hypothesis that the GL8 protein functions as a reductase during very 
long chain fatty acid elongation required for cuticular wax biosynthesis. 
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APPENDIX. SUMMARY OF gl8-mu MUTANT ALLELES 
Allele Row No. Cross Seedling Test No. No. ears of 
segregation 
glossv 
Random TaEEcd Alleles 
903230 94 1668 060 X el8-mu/+ 94 2202-2213 3 
883142 1669 " 2214-2227 7 
87 2550-8 1670 2228-2240 4 
892 5348-24 1671 2241-2252 10 
83 8123-7 1672 2253-2260 3 
77 3134 1673, 94g 1356, 94g 169-170 1, very weak 
96 4333 96gl8 1-5 3 
75 5074 1674 2275-2287 6 
1814-47 1675 2288-2298 6 
912 6079-25 1676 2299-2310 8 
91 2145 1677 2311-2322 7 
91 2136-36 1678 2323-2336 5 
90 2940-A 1679 2337-2350 5 
91g direct Tagged Alleles 
91.2 156 1696 Pr gl8-mulpr + verv weak 
91s 157 1694 . 94 2571-2575 5 
91g 158 1695, 
94g 1352 
Aet/LCX 
Pr gl8-mu/x)r + 
94g 163-168 very weak 
9U 159 1691 • 2545-2553 7 
102 
912 160 1690 . 2537-2544 7 
912 161 1692 . 2554-2566 13 
912 161 1693 Pr gl8-mul+ pr verv weak 
9Ig 162 1707 
96 4342 
Prg/S-/n«/pr + 
96gl8 24-29 
very weak 
2 
91g 163 1701 
96 4343 
• 
96218 30-36 
very weak 
4 
91g 164 1689 Aet/LC X 
Pr gl8-mul\ir + 
2534-2536 3 
912 168 1688 . 2527-2533 4 
91g 169 1700, 
942 1351 
Pr glS-mu/pr + very weak 
91g 170 1687 Aet/LC X 
Pr gl8-mu/pr + 
2520-2526 6 
91g 171 1699, 
942 1350 
Aet/LC X 
Pr el8-mu/pr + 
94g 160-162 I 
912 203 1686 . 2510-2519 8 
9lg203 1698 Pr gl8-mu/pT + 2591-2600 10 
912 204 1697 • 94 2589-2590 2 
91g 208 1685 Aet/LC X 
Pr gl8-mu/pr + 
2498-2509 12 
912 209 1709 Pr gl8-niu/pT + 2650-2656 7 
91g 210 1710 Aet/LC X 
Pr glS-niu/pr + 
2657-2665 9 
91g 211 1711 Pr slS-mulpT + very weak 
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9Ig2I2 1712 
96 4347 
• 
96gl8 38-46 
very weak 
7 
91s213 1713 . 94 2668-2671 3 
912213 1721 . 2728-2735 6 
91g 214 1684 Aet/LC X 
Pr glS-mu/pT + 
2489-2497 8 
91s215 1715 . 2681-2688 7 
91g216 1714 Aet/LC X 
Pr gl8-mu/pT + 
2672-2680 9 
912217 1717 Pr el8-mu/pT + 2705-2709 3 
91g2l9 1683 Aet/LC X 
Pr glS-mulpr + 
2481-2488 8 
91g220 1718 Aet/LC X 
Pr gl8-mu/pr + 
2693-2704 9 
912 228 1719 • 2710-2721 11 
912 229 1682 . 2371-2380 10 
912 230 1702 Pr gl8-mu/pr + 94 2607-2614 5 
912 231 1703 • 2615-2623 7 
91g 232 1704 Aet/LC X 
Pr gl8-mu/pr + 
2624-2634 6 
9Ig233 1705 
96 4348 
Pr gl8-mu/pT + 
96218 47-48 
very weak 
1 
91g235 1681 Aet/LC X 
Pr gl8-mu/pr + 
2364-2370 5 
912 238 1706 Pr gl8-mu/pr + 94 2640-2647 6 
104 
91g239 1680 Aet/LC X 
Pr gl8-mulpr + 
94 2351-2363 13 
912 240 1708 Pr gl8-mu/pr + 2648-2649 2 
91g24I 1716 
96 4349 
Pr glS-mu/pr + 2689-2692 
96gl8 49-55 
1. very weak 
7 
912 248 1720 Pr gl8-mu/pr + 2722-2727 3 
93B sI8-ma alleles 
93B14I 1722 el8-mu/G\S\ W64 9A 2161-2114, 14 
93B142 1723 . 2775-2783 8 
93BI43 1724 2784-2795 6 
938144 1725 2796-2807 11 
938145 1726 2808-2818 11 
938146 1727 2819-2828 3 
93B147 1728 2829-2841 11 
938148 1729 2842-2850 8 
93B150 1730 2851-2858 8 
938151 1731 2859-2868 10 
938152 1732 2869-2882 9 
938153 1733 2883-2896 11 
938154 1734 2897-2902 5 
93B155 1735 2903-2916 13 
938156 1736 . 2917-2929 11 
105 
93B158 1737 , 2930-2943 14 
93B159 1738 2944-2955 6 
93BI61 1739 2956-2958 3 
93B162 1740 , 2959-2970 12 
93B164 1741 . 2971-2982 10 
93B eI8-ma alleles 
93B 606 94 4340/93B 606 
96 4335 
Q60 X 
Pr gl8-mu/vT gl8 96gl8 6-10 
very weak 
2 
93B 607 94 4339/93B 607 
96 4336 
II 
96sl8 11-16 
very weak 
3 
93B 609 94 4340/93B 609 
96 4337 
" 
96gl8 17-21 
very weak 
5 
93B610 94 4340/93B 610 " very weak 
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